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FOREWORD

This report presents the results of one of a series of experiments that investigated driver perfor-
mance in a generic Automated Highway System (AHS) configuration. The experimental re-
search was conducted in an advanced driving simulator and investigated the effects on normal
driving of traveling under automated control for a short period of time. Some lane-keeping mea-
sures and some velocity maintenance measures indicated that drivers may have been attending
more closely to staying in their lanes after automated travel than before it, and that velocity
maintenance may have suffered somewhat because of this. In addition to the AHS-travel effect,
there was an age effect on some lane-keeping and some velocity maintenance measures. This
report will be of interest to engineers and researchers involved in Intelligent Transportation Sys-
tems and other advanced highway systems.
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SECTION 1: INTRODUCTION AND OVERVIEW

INTRODUCTION

A series of experiments examining human factors aspects of automated highway systems (AHS)
is being conducted using the Iowa Driving Simulator. The series is part of a program adminis-
tered by the Federal Highway Administration (FHWA). The experiments have investigated hu-
man factors issues using a generic AHS configuration that would require minimal structural al-
teration of the existing roadways in either cross section or vertical and horizontal geometry. The
configuration consists of a three-lane expressway where the vehicles controlled by the AHS
travel in strings of up to four in the left lane, while the vehicles that remain under the control of
their drivers travel in the center and right lanes. There is no dedicated transition lane and there

are no barriers t=tween the automated and unautomated lanes.

This report describes the seventh experiment in the series; it was performed as part of a complex
multiple experiment. Driving performance data obtained from 60 drivers before they experi-
enced traveling in an automated lane were compared with driving performance data obtained
from the same drivers after they had traveled under automated control. While in the automated
lane, each driver traveled at speeds that were considerably higher than the usual expressway
speed limit, while the gaps between the vehicles ahead and behind were smaller than those usu-
ally experienced in normal driving. The comparison was conducted in order to determine

whether traveling in an automated lane under these conditions had an impact on driving perfor-

mance.

The first two experiments of the series investigated the transfer of control from the AHS to the
driver of the simulator vehicle.(1) At the beginning of the trials in these two experiments, the
driver’s vehicle was under automated control, in the middle of a string of three vehicles, in an
automated lane—the driver’s task was to take control of the vehicle, drive it out of the automated
lane into an unautomated lane, and then to leave the expressway at a designated exit. The drivers
who participated in the first experiment were between 25 and 34 years old, while those who took

part in the second experiment were age 65 or older.

The third experiment focused on the transfer of control from the driver to the AHS as the driver
entered the automated lane.(?) In this study, each experimental trial started with the driver’s ve-
hicle on an expressway entry ramp, and the driver’s task was to drive into the right lane of the

expressway, move the vehicle to the center lane, and then, after receiving an Enter command,



drive into the automated lane and transfer control of the vehicle to the AHS. At this point, the
AHS moved the simulator vehicle into the lead position of the string of vehicles that was ap-

proaching it from behind.
OVERVIEW OF THE MULTIPLE EXPERIMENT

The multiple experiment continued the investigation of human factors aspects of the AHS, using
the same generic AHS configuration that was used in the first three experiments of the series. It
combined four experiments that were initially planned as separate studies. The first experiment
compared manual, partially automated, and fully automated methods of transferring control of
the vehicle from the driver to the AHS on entering the automated lane.(®) The second experiment
investigated the acceptability to the driver of decreasing vehicle separations during transitions
into the automated lane.(4) The third experiment explored the ability of the driver to take control
of driving functions that became unavailable in a segment of the expressway in which the capa-
bility of the AHS was reduced.(®) And, in the fourth experiment (reported here), the effect on

normal driving behavior of traveling under automated control was determined.
Each driver in the multiple experiment took part in six experimental trials. Table 1 shows how

the data collected in each section of the six trials were distributed among the four parts of the

multiple experiment.

Table 1. The part of the multiple experiment in which data were collected in each section

of each trial.
First section Second section Third sect_iop ’

Trial #1 Familiarization Part 4 (Pre-AHS)

Trial #2 Part 1 Part 2 Part 3
Trial #3 Part 1 Part 2 Part 3
Trial #4 Part 1 Part 2 “Part 3
Trial #5 Part 1 Part 2 Part 3
Trial #6 Part 1 Part 4 (Post-AHS)

In trial #1, each driver began by driving on a two-lane rural road, then he/she drove on a three-
lane expressway that did not have the AHS installed—the pre-AHS driving performance data ob-
tained in the expressway section of this trial were compared with the post-AHS driving perfor-

mance data obtained in trial #6.



The simulation scenarios for trials #2, #3, #4, and #5 were developed in a way that allowed the
data for parts 1, 2, and 3 of the multiple experiment to be collected as the three sections of these

trials followed each other without a break.

The first section of trial #6 was identical to the first section of trials #2 through #5. However, the
trial did not continue in the same way—instead, at the beginning of the second section of trial #6,
control of the vehicle was given back to the driver so that post-AHS driving performance data

could be obtained for part 4 of the multiple experiment.

A trial-by-trial description of the multiple experiment, showing the relationship of the four sepa-

rate experiments to each other, is presented below.

Trial #1: Familiarization and start of part 4 of the multiple experiment—(pre-AHS
driving performance data)

e Throughout trial #1, the simulator vehicle remained under the control of the driver.

e At the start of trial #1, the driver’s vehicle was positioned on a two-lane road.

o The driver drove on the two-lane road with no other traffic present, and then moved onto
the expressway and drove in the center and right lanes in the presence of low-density traf-
fic—6.21 v/ln/km (10 v/In/mi)—for approximately 3 min.

e The pre-AHS driving performance data obtained in the second section of this trial—while
the simulator vehicle was traveling on the expressway—were compared with the post-

AHS driving performance data collected in trial #6.

Trials #2, #3, #4, #5, and #6:  Multiple experiment—part 1

« At the start of trials #2, #3, #4, #5, and #6, the simulator vehicle was positioned on the
hard shoulder at the side of the expressway.

o The driver moved into the right lane, and then drove to the center lane—the density of the
traffic in the center and right lanes was 6.21 v/In/km (10 v/In/mi).

e Once the simulator vehicle was in the center lane, it was moved into the automated lane
and control was transferred from the driver to the AHS using a manual, partially auto-
mated, or fully automated transfer method.

» The AHS moved the driver’s vehicle to the lead position of the string of vehicles ap-
proaching the simulator vehicle from behind.

e Part 1 of the multiple experiment ended at this point.



Trials #2, #3, #4, and #5:  Multiple experiment—part 2

In trials #2, #3, #4, and #5 (but not #6), part 2 of the multiple experiment began with the
simulator vehicle under automated control leading a string of vehicles.

A second vehicle entered the automated lane ahead of the simulator vehicle.

As the entering vehicle accelerated from 88.6 km/h (55 mi/h) to the designated AHS ve-
locity, the simulator vehicle approached it from behind.

In half of the trials, the entering vehicle moved into the inter-string gap relatively late,
and it was necessary for the AHS to reduce the speed of the simulator vehicle as the dis-
tance between it and the entering vehicle decreased.

In the other half of the trials, the entering vehicle moved into the inter-string gap rela-
tively early, and it was unnecessary for the AHS to reduce the speed of the simulator ve-
hicle as it approached the entering vehicle.

The entering vehicle became the new lead vehicle of the string.

Throughout part 2, the driver moved a lever forwards or backwards to indicate comfort or
discomfort.

Part 2 of the multiple experiment ended with the simulator vehicle second in the string of

vehicles.

Trials #2, #3, #4, and #5:  Multiple experiment—part 3

In trials #2, #3, #4, and #5 (but not #6), part 3 of the multiple experiment began with the
simulator vehicle second in a string of vehicles.

The driver received a Reduced Capability advisory, stating that the vehicle was ap-
proaching a segment of expresc vay with r*duced AHS capability—the AHS was unable
to: (a) steer the driver’s vehicle, or (b) control its speed, or (c) both steer and contro: its
speed.

In the driver-controlled condition, the driver could take control of the lost function(s)
when ready—if the driver did not take control, a Reduced Capability command was is-
sued at the moment that the AHS relinquished control.

In the situation-controlled condition, the driver could not take control when the Reduced
Capability advisory was given, but had to wait for the Reduced Capability command,
which was issued at the moment that the AHS relinquished control.

The driver performed the lost function(s).

When the simulator vehicle reached the end of the segment of expressway with reduced
capability, the driver received a Ready-to-Resume-Cont, ol advisory.

In the driver-controlled condition, on hearing this advisory the driver transferred control
back to the AHS when ready.



« In the situation-controlled condition, at the end of this advisory the AHS resumed control
of the driver’s vehicle. A

e Trials #2 through #5—and part 3 of the multiple experiment—ended with the simulator
vehicle back under the control of the AHS.

Trial #6:  Conclusion of part 4 of the multiple experiment—(post-AHS driving perfor-
mance data)

« In trial #6, part 1 of the multiple experiment ended, and part 4 began with the driver’s
vehicle leading a string of vehicles.

«  After traveling for up to 5 min, the driver received a Reduced Capability advisory. It
stated that the driver was approaching a segment of expressway in which the AHS could
not steer and could not control the speed of the vehicle.

e In the d~ver-controlled condition, the driver could take control of the steering e~dthe
velocity functions when ready—if the driver did not take control, a Reduced Capability
command was issued at the moment that the AHS relinquished control.

« In the situation-controlled condition, the driver could not take control when the Reduced
Capability advisory was given: instead, the driver had to wait until the AHS gave a Re-
duced Capability command containing a countdown that ended at the moment the AHS
relinquished control.

o The driver drove the vehicle in the automated lane.

e The driver was informed that the AHS would not resume control of the vehicle, and was
asked to drive the vehicle out of the automated lane.

e The driver moved the vehicle into the center lane and continued to drive for 4 min.

« The density of the traffic in the center and right lanes was 6.21 v/In/km (10 v/In/mi).

« Post-AHS driving performance data obtained in this trial were compared with pre-AHS
driving performance data collected in trial #1.

e Trial #6—and part 4 of the multiple experiment—ended with the simulator vehicle under

the control of the driver.
OBJECTIVE OF THIS EXPERIMENT

The objective of this experiment was to determine whether traveling under automated control at
high speed and a shorter-than-normal distance behind the vehicle ahead would affect normal
driving behavior. Driving performance data obtained oefore and after each driver traveled under

automated control in the automated lane were collected. The data analysis focused on the fol-

lowing experimental questions:



Is driving performance affected by traveling under automated control?

Is driving performance affected by the age of the driver?

Does the designated AHS velocity or the method of transferring control affect

driving performance after the driver has traveled in the automated lane?

Is driving performance affected by some combination of two or more of these variables—
i.e., traveling in the automated lane, the age of the driver, the designated AHS velocity,

and the method of transferring control?



SECTION 2: METHOD

SUBJECTS
The following guidelines were used to select the drivers who participated in this experiment:

e The drivers had no licensing restrictions other than wearing eyeglasses for vision correc-
tion during driving.

e The drivers did not require special driving devices—the simulator is not equipped for
such devices.

o Thirty drivers were between 25 and 34 years of age.

« Thirty drivers were at least 65 years old, with 15 between 65 and 69 years of age, and 15
age 70 or older. o

e Half of the drivers in each age group were male, and half were female.

The 60 drivers who took part in this experiment were volunteers who had replied to advertise-
ments in the Towa City and University of Iowa daily newspapers, and who met the above selec-

tion criteria.
THE IOWA DRIVING SIMULATOR

The Iowa Driving Simulator, located in the Center for Computer-Aided Design at the University
ot Towa, Iowa City, is shown in figure 1.(6) The simulator consists of a projection dome mounted
on a hydraulically actuated hexapod platform. In this experiment, a midsize Ford sedan was
mounted on this platform, and the simulator was controlled by a distributed computer complex
that included a Harris Nighthawk 4400, an Alliant FX/2800, and an Evans and Sutherland CT-6
Image Generator. The Nighthawk and Alliant systems were controlled simultaneously by the
same operating system.(7) The Nighthawk was the system master—arbitrating subsystem
scheduling and performing motion control, data collection operations, instrumentation, control
loading, and audio cue control—while the Alliant, a 26-processor, shared-memory parallel com-

puter, performed the multibody vehicle dynamics and complex scenario contro] simulation.

The inner walls of the dome act as a screen. For the current experiment, the correlated images
generated by the CT-6 were projected onto two sections of these walls—a 3.35-rad (192°) sec-
tion in front of the simulator vehicle, and a 1.13-rad (65°) section to its rear. The driver of the

simulator vehicle viewed the images shown on the forward section through the windshield and



Figure 1. The Iowa Driving Simulator.



side windows, and the images projected to the rear either by turning around, through an interior

rear-view mirror, or through a left-side exterior driving mirror.

EXPERIMENTAL DESIGN

The current experiment was focused on the lane/trial variable, i.e., on the comparison between
driving performance data collected before the driver had traveled under automated control and
driving performance data collected after the driver had experienced automated travel. Two of the
other three independent variables investigated here—the designated AHS velocity and the
method of transferring control from the AHS back to the driver—were not experienced by the
driver until he/she had traveled in the automated lane, and, therefore, could only affect driving
performance in the post-AHS segment of the trial. Because of this, it was not expected that the
main effect of e:*~er of these variables would be statistically significant—if either the d~<ignated
AHS velocity ¢~ the control transfer method had an effect, it was expected to be in an interaction
with the lane/trial variable. The fourth variable (the age of the driver) could have affected driv-
ing performance both before and after the driver had experienced automated travel. There were
six combinations of designated AHS velocity and transfer control method, each of which was
experienced by five older and five younger drivers. The designated AHS velocity presented to

each of the 60 subjects in trial #6 is listed in appendix 1.

Age of the Driver

The 66 drivers who took part in the current experiment were from 2 age groups. The first groug
consisted of drivers between 25 and 34 years of age, while the drivers in the second group were
age 65 or older. There were 30 drivers in each group. To ensure that they represented the popu-
lations from which they were drawn, both groups were balanced for gender—half of the drivers
in each group were male and half were female. In addition, to ensure that the ages of the older
drivers did not cluster around the lower limit for the group, 15 of them were between 65 and 69
years of age, and 15 were age 70 or older. As a result of these iwo selection strategies, there
were eight male and seven female drivers between ages 65 and 69 , and seven male and eight

female drivers who were age 70 or older.

Designated AHS Velocity

As in the prior experiments in the series, the following designated AHS velocities were used:
(a) 104.7 km/h (65 mi/h), (b) 128.8 km/h (80 mi/h), and (c) 153.0 km/h (95 mi/h).(1.2) Table 2



shows the velocity differential between the automated and unautomated lanes for each of the

three designated AHS velocities.

Table 2. The designated AHS velocity and the velocity differential between the automated and

unautomated lanes.
Velocity differential between
Designated AHS velocity automated and unautomated lanes
[km/h (mi/h)] [km/h (mi/h)]
104.7 (65) 16.10 (10)
128.8 (80) 40.25 (25)
153.0 (95) 64.40 (40)

Method of Transferring C~ntrol of the Vehicle

Control was transferred between the AHS and the driver in one of two ways. The first was the
driver-controlled method. With this method, the AHS issued a Reduced Capability advisory,

after which the driver was able to take control of the vehicle at any time in the next 20 s. If the
driver failed to take control within that 20 s, the AHS issued a Reduced Capability command
stating that the system would no longer control the vehicle and that the driver must take control.
The second method was the situation-controlled method. With this method, the AHS gave the

Reduced Capability advisory for information purposes only (i.e., the driver could not take con-
trol when the advisory was given), following it with the Reduced Capability command stating

that the system would no longer con rol the vehicle and that the driver must take control.

All 60 drivers who participated in this experiment did take back control of the vehicle. Thirty of
them regained control at the end of trial #6 using the driver-controlled method. Of the 30
drivers, 20 had relinquished control of the simulator vehicle manually, while the other 10 had re-
linquished control in a partially automated manner on entering the automated lane at the begin-
ning of trials #2, #3, #4, #5, and #6. The remaining 30 drivers regained control at the end of trial
#6 using the situation-controlled method—10 of these drivers also had relinquished control of the
simulator vehicle in a partially automated manner on entering the automated lane at the begin-
ning of trials #2, #3, #4, #5, and #6, while the other 20 had relinquished control manually.
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Lane/Trial Variable

Samples of driving performance data were collected while the drivers drove in the right and
center lanes in trial #1, before they had experienced automated travel, and in the center lane in
trial #6, after they had experienced traveling in the automated lane. Then the driving perfor-

mance data from trial #1 and trial #6 were compared.
EXPERIMENTAL PROCEDURE

The multiple experiment was administered in two sessions for each driver. In the first session,
the drivers watched an introductory videotape, drove the Iowa Driving Simulator, and filled out a

questionnaire. In the second session, the driver’s visual capabilities were assessed.
Introduction, Training, and Practice Procedure

Before the start of the experiment, each driver watched a videotape that contained introductory
material describing this research program and the AHS, and that provided some interactive prac-
tice with the AHS interface and protocol. The driver was told that the experiment involved first
driving in the simulator and then completing several vision tests and a questionnaire. The driver
was informed that this experiment was part of an ongoing FHWA program that was exploring
ways of designing an AHS, determining how it might work, and how well drivers would handle
their vehicles in such a system. It was made clear that the experiment was a test of the AHS, not
a test of the driver. The video then gave explanations of the subtasks for the entire multiple ex-

periment—providing details to the driver on how to:

« Enter the automated lane (for part 1 of the multiple experiment).

 Indicate his/her comfort level (in part 2).

« Take control during a segment of the expressway in which there is a reduction in the
AHS capability (in part 3).

« Transfer control back to the AHS at the end of the reduced capability segment (also in
part 3).

Four different versions of this training video were prepared. The differences in these versions
corresponded to differences in the methods of transferring control to the AHS for part 1 of the
multiple experiment, and in the method of regaining control for part 3. The introductory section,
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which is all that is relevant to the current experiment, was identical in all four videos—the narra-

tion for this section is presented in appendix 2.

The instructional section of three versions of the videos lasted 12 min—the fourth version, which

dealt with automated entry to the AHS, required less detail and was 9 min long.

After the instructional section, each version of the video continued with a series of practice seg-
ments. The first of these segments contained subtask practices dealing with entering the auto-
mated lane and transferring control to the AHS (for part 1 of the multiple experiment), indicating
comfort level (part 2), and taking control of the lost capability from and returning it to the AHS
(part 3). There were three segments for each of these subtasks. If the driver responded correctly
on the first two segments, the third was omitted. If the driver did not respond correctly twice in a
row for a particular subtask, the three segments were repeated for that drive intil he/she ac-
complished this. Following the subtask practices, the videos continued wita three more segments
that covered the whole task for the driver—as before, if the driver responded correctly on the
first two trials, the third was omitted, and if more than three trials were required, the segments

were repeated.
Pre-Experimental Simulator Procedure

The driver was taken to the Iowa Driving Simulator and was seated in the driver’s seat. The
driver was asked to put on the seat belt and to adjust the seat and mirrors, and then was given

instructions on how to use the simulatc. emergen: v button.
Experimental Procedure and Instructions I

The driver took part in six experimental trials. Only data from the first and sixth trials were used

in the current experiment.

At the start of trial #1, the driver drove the simulator vehicle on a two-lane rural road with no
other traffic present. After driving for approximately 2 min on this road, the driver entered a
three-lane expressway via an entrance ramp. Then, he/she drove in the right and center lanes of
the expressway in the presence of low-density traffic—6.21 v/In/km (10 v/In/mi)—for approxi-
mately 3 min. While the driver was driving on the expressway, the experimenter asked him/her
to change lanes from the right lane to the center lane and back again. Throughout trial #1, the

simulator vehicle remained under the control of the driver.
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AHS Experience

Trials #2, #3, #4, and #5 started with the driver driving in the right lane of the expressway. The
driver changed lanes and then, when the vehicle was in the center lane, entered the automated
lane using a manual, partially automated, or fully automated method of transferring control. The
AHS caused the simulator vehicle to accelerate until it reached the designated AHS velocity, at
which point it became the leader of a string of automated vehicles. A second vehicle moved into
the automated lane ahead of the simulator vehicle and accelerated—under the control of the
AHS—until it was traveling at the designated AHS velocity when it, in turn, became the new
lead vehicle of the string. When the simulator vehicle passed through a segment of expressway
on which the AHS was operating with reduced capability, the driver provided the function(s) that
were unavailab’- While the driver’s vehicle traveled through this segment, control of ‘"¢ un-
available funct:on(s) for the vehicle ahead and the vehicle behind the driver’s vehicle were also
transferred from the AHS to their drivers—this was achieved by transferring control of the un-
available function(s) in these vehicles from the AHS control model to the driver behavior models
used for the vehicles traveling in the center and right lanes throughout this series of experiments.
At the end of the reduced capability segment, the AHS resumed full control of the vehicle. Each
complete trial lasted between 5 and 7 min. There were brief breaks between trials while the

simulator was reset.

Trial #6 began in the same way as trials #2, #3, #4, and #5—with the driver in control of the
simulator vehicle until it entered the automated lane using one of the three control transfer methi.-
ods. Then, with the AHS in control, the simulator vehicle accelerated to the designated AHS
velocity and became the leader of a string of automated vehicles. At this point, the second part

of the current experiment began.
Experimental Procedure and Instructions IT

At the end of the first section of trial #6—in which data were provided for part 1 of the multiple
experiment—the current experiment resumed. When the second section of trial #6 started, the
simulator vehicle was the lead of a string of automated vehicles. After traveling this way for ap-
proximately 4 min, the driver received a Reduced Capability advisory stating that he/she was ap-
proaching a segment of expressway in which the AHS could not steer and could not control the
speed of the vehicle. Control was transferred back to the driver in one of the following ways:

13



» For one group, the driver could take control of the steering and speed as soon as the Re-
duced Capability advisory was issued (driver-controlled transfer)—if the driver did not
take control on hearing this advisory, then a second message, a Reduced Capability com-

mand, was issued at the moment that the AHS relinquished control.

« For the second group, the driver could not take control on hearing the Reduced Capability
advisory—it was given only as a warning—but had to wait until the AHS issued a Re-
duced Capability command containing a countdown that ended at the moment the AHS

relinquished control (situation-controlled transfer).

At the same time that the driver resumed full control of the simulator vehicle, control of the ve-
hicle traveling behind the driver's vehicle was transferred from the AHS to the driver of that ve-
hicle. This was achieved b:" ‘ransferring control of the vehicle from the AHS control model to
the driver behavior models used for the vehicles traveling in the center and right lanes throughout

this series of experiments.

After taking full control of the vehicle, the driver remained in the automated lane until the AHS
issued another message informing the driver that it would not resume control. Then the driver
moved into the unautomated lane and continued driving. The trial continued for 4 min with the
driver in control of the vehicle and driving in the unautomated lanes. Throughout the trial, the
density of the traffic in the unautomated lanes was 6.21 v/In/km (10 v/In/mi).

Post-Experimental Procedure

After completing trial #6, the driver returned to the subject preparation room. Once there, the
driver was debriefed and asked to complete a questionnaire that contained questions dealing with
the driving simulator, the multiple experiment, and the Automated Highway System. A copy of

this questionnaire is presented in appendix 3. At this point, the first session was ended.

The driver returned for a second session, which was divided into two sections. In the first sec-
tion, a Titmus Vision Tester was used to administer a battery of vision tests. The following vi-
sual capabilities of the driver were tested: (1) far foveal acuity, (2) near foveal acuity, (3) stereo
depth perception, (4) color deficiencies, (5) lateral misalignment, and (6) vertical misalignment.
In the second section, the spatial localization perimeter developed by Wall was used to determine
the subject’s reaction time and accuracy when detecting both static and dynamic peripheral

stimuli.(®
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SECTION 3: RESULTS
FOCUS OF THE DATA ANALYSIS

The objective of this experiment was to determine whether normal driving performance changed
as a result of the driver traveling under automated control at high speed and with shorter-than-
normal inter-vehicle spacing. The data analysis focused on the following experimental ques-

tions:
» Is driving performance affected by traveling under automated control?
 Is driving performance affected by the age of the driver?

e Does the designated AHS velocity of the automated lane or the method of trans-
ferring control affect driving performance after the driver has traveled in the au-

tomated lane?

o Is driving performance affected by some combination of two or more of these
variables, i.e., traveling in the automated lane, the age of the driver, the desig-

nated AHS velocity in the automated lane, or the method of transferring control?
DRIVING PERFORMANCE MEASURES

In order to determine whether the experience of traveling under automated control affected the
performance of the 60 drivers who took part in the current experiment, it was first necessary to
decide how to measure driving performance. This was not a simple task: in 1993, Nilsson sug-
gested that the statement—*“It has proved extremely difficult to define what is meant by driving
performance and to develop adequate techniques of measuring it”—made by Crawford over 30

years ago still holds true.(9:10)

It is difficult to obtain detailed measures of the normal driving performance of a driver while
he/she is driving on roads and expressways—direct observation can be used, but it is a method

- that lacks precision. More detailed information can be obtained by using an instrumented car.
For example, Dingus, McGehee, Hulse, Jahns, Manakkal, Mollenhauer, and Fleischman used an
instrumented car to evaluate the driving and navigation performance of drivers who were using

the TravTek system.(11) Dingus et al. collected the following driving performance measures:
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mean speed, speed variance, longitudinal acceleration and braking, steering wheel position vari-
ance, steering wheel reversals greater than 6°, and variance in lateral acceleration. An instru-
mented vehicle was also used by Lechner and Perrin to characterize driving behavior on various
types of road.(12) In their study, 12 drivers drove an instrumented vehicle on an 85-km (52.8-mi)
route in Southern France. The route included sections of expressway, minor roads that had long
straight sections, winding roads, and a town (Aix-en-Provence) with typically dense urban traf-
fic. Lechner and Perrin analyzed driving performance in terms of the velocity (percentage of
time in each 20-km/h [12.4-mi/h] velocity range), the longitudinal acceleration and braking rates,
the lateral acceleration and braking rates, and steering wheel movements. For expressway driv-
ing, they found that the drivers drove at velocities that ranged between 100 km/h (62.1 mi/h) and
160 km/h (99.4 mi/h); that 86 percent of the longitudinal acceleration and braking was between
+0.1 gand - 0.1 g (where 1 g = 9.81 m/s2); that 80 percent of the lateral acceleration and brak-
ing was between + 0.1 g and — 0.1 g, with only 3 percent higher than 0.2 g; 1 that the range of

steering wheel movements decreased as the velocity of the vehicle increasc..

It is possible to obtain more precise driving performance data than were obtained by Dingus et al.
and by Lechner and Perrin if an instrumented track or a simulator is used—aithough with these,
there may be some loss in validity. Investigators using simulators have typically looked at longi-
tudinal performance in terms of mean velocity (and variability around the mean), and accelera-
tion and deceleration rates; and lateral performance in terms of the deviation of the line of travel

from the center of the lane and the number of steering wheel reversals.(13,14)
Lane-Keeping Behavior

The deviation of the line of travel from the center of the lane has been used as a measure of lane-
keeping performance, while the number of steering wheel reversals has provided a measure of
the stability or smoothness of the ride. Recently, Bloomfield and Carroll have used ideas derived
from regression analysis to develop alternative, more accurate measures of both lane-keeping
performance and of the stability or smoothness of the ride.(15) They suggest a method that ef-
fectively separates the previously used measure of deviation from the center of the lane into three
distinct measures—two of which are lane-keeping measures (the position of the vehicle in a lane
and steering drift across the lane), while the third is a measure of steering stability. In addition,
they suggest replacing steering wheel reversals with the number of crossings by the driver’s ve-

hicle of the line of best fit (or direction of travel).
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Bloomfield and Carroll show how to determine the linear equation that is the line of best fit for a
series of points on the track of a vehicle. The equation describes the position of the vehicle rela-
tive to the center of the lane at any time. It indicates how far the vehicle is to the left, or right, of
the center line of the lane at the beginning of the series of points. It also indicates whether the
vehicle is veering to the left or to the right or is traveling parallel to the lane throughout the series
of points. The variability of the actual track of the vehicle around this line of best fit can be used,
along with the number of crossings of the direction of travel (or line of best fit), to indicate the
stability of the driver in maintaining the track of the vehicle.

Bloomfield and Carroll use the following argument to suggest that the method of least squares
can be used to obtain a line of best fit that gives the relative position of a vehicle while it remains
in a lane.(15) They consider the case, illustrated in figure 2, where a driver is traveling in a lane
along a straight -~2d segment. At any point in time, it is possible to determine the posit ~n of the
center of the ve*ucle on a line that is perpendicular to the lane. In the current experiment, data

were collected at a rate of 30 Hz—so that, as the vehicle traveled along a straight road segment,

Track of White lane
driver’s vehicle marker

Line of best fit

\\
a, __4 — —~———

/-

Center of lane

Direction in which >
vehicle is traveling

Figure 2. Schematic showing a cross section of a lane, with the track of the driver’s vehicle
along the lane and the line of best fit. [It should be noted that the cross section of the lane is
greatly exaggerated compared to distance along the lane.]



the track of the vehicle could be used to determine the position of the center of the vehicle
relative to a series of perpendicular lines drawn at 1/30-s intervals. Bloomfield and Carroll

assume that the series of positions can be described by the following linear equation:

= +b v 1
p=a,+b,x (1

where:

P is the point (representing the center of the driver’s vehicle) at which the line of best fit
crosses the perpendicular across the lane after the vehicle has traveled distance x.

x  is the distance traveled in a lane by the vehicle.

dp s the point at whic. the line of best fit crosses the perpendicular at the start cf the
straight road segment. If ap equals zero, it crosses the perpendicular line at its center.
If ap is positive, as it is in figure 2, then the line of best fit starts to the left of the center
line (assuming one is looking in the direction of travel); and if ap is negative, it starts to
the right of the center line.

bp is the gradient of the line. If bp equals zero, the vehicle is traveling along the center
line of the lane or parallel to it; if bp is positive, the vehicle is moving from the right of
the lane to the left (assuming one is looking in the direction of travel); and if bp is

negative, as it is in figure 2, the vehicle is moving from the left to the right of the lane.

The series of positions of the center of the vehicle is unlikely to fall exactly on a straight line.
However, since in comparison to the 3.66-m (12-ft) width of the lane, the vehicle will travel
along what is, relatively speaking, a very long, straight road segment, it is not unreasonable to-
assume that the series of positions can be described by a linear equation. Since the equation sug-
gested by Bloomfield and Carroll is a linear regression equation, the line of best fit of this equa-
tion can be calculated using the method of least squares. Using the method of least squares—
which minimizes the error in predicting p from x—ap and bp are calculated as follows:

_Ex)Xp)
bp _ 2. xp ——zn : .
2 (Xx)
2.x "
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where n is the number of data points obtained while the vehicle traveled distance x, and
a =~($p-b 3x) 3
P n 4

In addition, the variability in bp —_the residual standard deviation—can be used as an estimate of
Ip, the steering instability. Ip provides an estimate of the variability in steering that occurs when
the driver is attempting to maintain a straight course along the line of best fit. It is given by the

equation:

s {Z - (Zx)(ZP)}z

. - L |+(n-2) @
p n s &%)

_. S

Bloomfield and Carroll suggest that equations 1 and 2 define the position of a vehicle in a
straight road segment; equation 3 gives information on steering drift across the lane (if there is
any); and equation 4—along with the number of crossings of the direction of travel (or steering

oscillations)—provides a measure of the smoothness or stability of the ride.(15)

If there was to be a radical change in the direction of the vehicle—and the most radical change
that could occur while the vehicle remains in a lane would occur if, for example, the vehicle first
veered from the extreme right of the lane to the extreme left, then changed direction and veered
from the extreme left back to the extreme right of the lane—then, the steering instability would

be relatively large, but there would be only two steering oscillations.

The current experiment explored the driving performance of drivers while they were driving on a
straight segment of expressway, both before and after they had experienced traveling under auto-
mated control. However, Bloomfield and Carroll also demonstrate that, under some circum-

stances, it is possible to use this linear equation to describe the track of a vehicle traveling around
a horizontal curve.(15) Whether the linear equation can be used in this way or not depends on the

way in which the position of the vehicle in the lane is determined. If its position is determined
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relative to the cross section of the lane—as it was in Bloomfield, Carroll, Papelis, and Bartelme's
investigation of reduced AHS capability—then a linear equation can be used to describe a curved
path.(® When the road is curved and the position of the vehicle in the lane is determined relative
to the cross section of the lane, then at each moment, the position of the vehicle will be expressed
relative to a line that is perpendicular to the tangent of the curve. In the investigation of reduced
AHS capability, as the simulator vehicle traveled around the curve, data were collected at a rate
of 30 Hz.©5) As a result, there were series of tangents at 1/30-s intervals around the curve, each
with a cross-sectional line that was perpendicular to it. On the cross-sectional lines, a series of
points that indicated a series of lane positions was recorded. When these cross-sectional lines
were considered together—and the wedge-shaped slivers of the curve between them ignored—
the curve that the vehicle traveled around could be treated mathematically as a straight line, and a

linear equation could be used to describe the track of the vehicle.
Velocity Maintenance

Bloomfield and Carroll also suggest that a set of equations similar to those used to describe lane-
keeping performance can be used to describe the driver’s ability to maintain the velocity of the
vehicle.(15) In this case, the measures that they derive can be used to replace the mean velocity
and its standard deviation—their method produces two velocity maintenance measures (one giv-
ing the velocity at any given instant, the other indicating any tendency for the velocity to drift
higher or lower), and a measure of the velocity maintenance stability, as well as using the num-
ber of velocity reversals across the line of best fit (or velocity maintenance line). The equations
used in this case—which is illustrated .a figure 3--—differ in that p, ap, bp, and Ip in equations 1,
2, 3, and 4 are replaced by v, ay, by, and k, respectively, in equations 5, 6, 7, and 8. Equations 5,
6, and 7 provide a description of how well the driver maintains velocity, while equation 8 isa

measure of smoothness or stability in maintaining velocity. These equations are presented be-

low:
v=a + bvx (5
$ xy_ EDEY
b = - )
v 2 (Zx)?
2x E—
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Figure 3. Schematic showing continuous record of velocity and the line of best fit.
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where:
y is the velocity, indicated by the line of best fit, after the vehicle has traveled distance x .
ay is the point at which the line of best fit intercepts the velocity axis at the start of the

straight road segment.
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by is the gradient of the line. If by equals zero, the vehicle is traveling at constant veloc-
ity; if by is positive, the velocity of the vehicle is gradually increasing, as it is in figure
3: and if by is negative, velocity is gradually decreasing.

x s the distance traveled in a lane by the vehicle.

n  is the number of data points obtained in distance x.

I, is the instability in velocity maintenance. It is an estimate of the extent of the velocity

fluctuations that occur when the driver is attempting to maintain a chosen velocity.
DATA ANALYSIS

The focus of the data analysis for the current experiment was on lane-keeping and velocity
maintenance. Collision and incursion data are also reported. Other driving performance data—
for cxample, data that migh. e obtained when the driver changed lanes, or was accelerating on
entering the expressway, or decelerating after leaving the automated lane—were not considered

here. The following data items were recorded in the current experiment:

» Designated AHS velocity.

 Continuous plot of the velocity of the simulator vehicle.

e Continuous plot of the position of the simulator vehicle.

« Times at which the simulator vehicle began lane changes, i.e., times at which the first
wheel of the simulator vehicle touched the white line between lanes, when a lane change
was completed.

e Times at which the simulato. vehicle ended lane changes, i.e., times at which the fourth
wheel of the simulator vehicle crossed the white line between lanes.

o Number of times the vehicle began a lane change but failed to complete it—an incursion.

« Velocity of the driver’s vehicle at the beginning and end of lane changes.

«  Whether the driver’s vehicle collided with any other vehicles.

In this experiment, continuous data, i.e., the first six data items, were sampled and collected at a
rate of 30 Hz. Bloomfield and Carroll’s lane-keeping and velocity maintenance measures were

calculated for each driver from these continuous data, using equations 2, 3,4, 6, 7, and 8.

Sixty drivers took part in the current experiment; however, data from seven of them—three who
were older and four who were younger—could not be used, either because the driver did not
complete trial #6, or because there was a simulator failure during trial #6, or because the data for

trial #6 could not be retrieved. There were 53 drivers (27 who were older and 26 who were
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younger) for whom driving performance data were available. The lane-keeping and velocity
maintenance measures obtained from these drivers while they drove in the right and center lanes
of the expressway before experiencing travel in the AHS were compared with the driving per-
formance measures obtained from them when they drove in the center lane after traveling in the
AHS. With data from 53 drivers in 3 expressway segments, a maximum of 159 samples of each

of the driving performance measures were available for analysis.

The pre-AHS driving data were collected in the second part of trial #1—after the driver had en-
tered the expressway via an entrance ramp. If the driver did not initiate a lane change within 60 s
of entering the right lane, the experimenter asked him/her to change lanes—first from the right
lane to the center lane, then back again to the right lane. This ensured that in trial #1, each driver
drove in the right lane on at least two occasions and in the center lane at least once. The length
of time that the driver remained in a lane on each occasion was measured. Then, the driving per-
formance data from the longer sample in each lane were used in the analysis. For the right lane,
the first sample was longer for 33 drivers, while the second sample was longer for the remaining
20 drivers. For the center lane, the first sample was longer for 42 drivers, while the second was

longer for the other 11 drivers.

The post-AHS driving performance data were collected in trial #6—they were collected toward
the end of the trial, after the drivers had been asked to move from the automated lane to the cen-
ter lane and were informed that they could use both the center and right lanes. There were
center-lane driving performance data for each driver who completed trial #6. However, unlike
wrial #1, in trial #6 the drivers were not instructed to change from one lane to another. As a
result, for the remainder of trial #6, 40 of the 53 drivers chose to stay in the center lane, and did
not drive in the right lane. This meant that, for comparison purposes, too few samples of post-

AHS driving performance were obtained while the drivers were in the right lane.

For the 13 drivers who drove in the center lane on more than 1 occasion after they traveled in the
automated lane, the sample of driving behavior that was longer was used for further analysis—
the first center-lane sample was longer for 10 of these drivers, while the second center-lane
sample was longer for the remaining 3 drivers. For the 40 drivers who drove only in the center
lane after they traveled in the automated lane, their first, and only, sample of center-lane driving

performance was used in the comparison of pre- and post-AHS driving.

Tt should be noted that the lane position and velocity values referred to below as the initial lane
position and the initial velocity—ap and ay, respectively—were the initial values at the
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beginning of the selected samples. They were the initial lane position and the velocity values on
the line of best fit of all the data in the selected segments, as determined by the method of least
squares, when the following two conditions were satisfied: (1) the driver's vehicle was com-
pletely in the lane, i.e., all four of the vehicle's wheels were in the lane, and (2) the driver’s ve-

hicle was not accelerating or decelerating, but had achieved cruising speed.

As with the previous experiments in this series, the data distributions were submitted to univari-
ate analysis as a preliminary step before carrying out the significance testing. This analysis
showed that within each set of distributions, two or more did not meet the requirements for
parametric statistical testing. Some distributions were asymmetrical—so that both the mean and
variance were distorted, while other distributions were leptokurtic—so that the variance was dis-
torted. Given these distortions, the analyst can proceed in one of three ways: the data may be
trimmed, the data may be transformed. or nonparametric statistical tests can " = employed. First,
nonparametric testing was considered. In analyzing the data obtained in the current experiment,
it was preferable to use parametric statistical tests—rather than nonparametric tests—if possible.
The reason for this was that in order to determine whether the designated AHS velocity or the
method of transferring control from the AHS to the driver had an effect on the driver's post-AHS
driving performance, it was desirable to examine the higher order interaction terms that are ob-
tained when a four-way analysis of variance (ANOVA) is conducted. In addition, parametric
tests are inherently more powerful than nonparametric tests. Next, data transformation was con-
sidered. Because when each set of distributions was examined, more than one distribution type
was found within the set, it was not possible to find a single transformation that could be used on
all six distributions in a set. As it was p.cferable t-» use parametric tests, and not possible to nse
transformations, the third approach, data trimming, was used for the current experiment. Details
of the univariate analysis and the formal data trimming procedure adopted are presented in ap-

pendix 5.

Eight ANOVA’s were conducted on the resultant data sets, which consisted of the four lane-
keeping measures—ay, by, I, and the number of times per minute that the vehicle crossed the di-
rection of travel, and the four velocity maintenance measures—ay, by, Iy, and the number of
times the velocity maintenance line of best fit was crossed. All eight ANOVA’s were four-way
analyses in which three of the main effects—the age of the driver, the designated AHS velocity,
and the method of transferring control—were between-subjects variables, while the other—the
lane/trial variable, comparing pre-AHS driving in the right and center lanes in trial #1 with post-
AHS driving in the center lane in trial #6—was a within-subjects variable.
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THE EFFECT OF TRAVELING IN THE AUTOMATED LANE ON LANE-KEEPING
PERFORMANCE

The four lane-keeping measures discussed in this section were derived as follows. For each
driver, the line of best fit for the lane position data obtained in the selected segments was calcu-
lated using the method of least squares. Equations 2, 3, and 4 were used to derive the initial po-
sition in the lane, the steering drift, and the steering instability. In addition, the number of
steering oscillations was calculated. Then, these values were used in the AN OVA'’s conducted in
order to compare the driver’s lane-keeping performance before and after traveling under
automated control. The variables and interactions that had statistically significant effects on the
lane-keeping measures are listed in table 3. The complete summary tables for the first four
ANOVA'’s are presented as tables 8,9, 10, and 11 in appendix 4.

Table 3. Summary of the four ANOVA’s conducted to determine whether the lane-keeping per-
formance measures were affected by the age of the driver (A), the method of
transferring control (M), the designated AHS velocity (V), or the lane/trial variable (T).

ap I Number of
(initial lane bp (steering in- steering
Source position) (steering drift) stability) oscillations
A — — — 0.0030
T 0.0001 0.0001 0.0001 0.0001
AT 0.0086 — — 0.0048
AM — — 0.0199 —
AMT — — 0.0355 —
AVT — — — 0.0426

As table 3 shows, the lane/trial variable had a statistically significant effect on all four lane-
keeping performance measures; the age of the driver had a significant effect on the number of
steering oscillations; while, as expected, the other two independent variables—the designated
AHS velocity and the control transfer method—did not have a significant effect on any of the
lane-keeping measures, although they were both involved in significant interactions. To deter-
mine whether the differences in ap, bp, Ip, and the number of steering oscillations were between-
trial differences or between-lane differences, post hoc statistical tests were conducted using the

Tukey-Kramer modification to the Tukey Studentized range test.!

1 When cell sizes are unequal, the Tukey-Kramer modification of the Tukey Studentized range test is the post hoc
test recommended in the SAS/STAT® User’s Guide.(19) The Sudentized range test, proposed by Tukey in the
early 1950’s, controls the maximum experimentwise error rate under any complete or partial null hypothesis
when the sample sizes are equal. Subsequently, Tukey and Kramer independently proposed a modification that
controlled for unequal cell sizes.
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Initial Position in the Lane

Lane/Trial Effects. As table 3 shows, the lane/trial variable had a statistically significant effect

on ap, the initial lane position. The initial lane position is the point at which the lane-keeping
line of best fit, for lane position throughout the road segment, meets the perpendicular across the
lane at the beginning of each segment. As will be seen in the next subsection of this report, since
the steering drift is very small when short samples of driving behavior—like those obtained in
this experiment—are considered, the initial lane position is essentially an indicator of whether
the driver is driving to the left or right of the center of the lane throughout the sample. The
Tukey Studentized range test, with the Tukey-Kramer modification, was used post hoc to exam-
ine the initial lane positions that were obtained while the drivers were driving in the right lane in
trial #1, the center lane in tri _ #1, and the center lane i trial #6. The test indicated that all three
initial lane positions were statistically different from each other (the differences are illustrated in
figure 4). The figure shows that at the start of all three segments, the driver positioned the vehi-
cle to the left of the center of the lane. The offset of the initial lane position from the center to
the left of the lane was greatest when the drivers were in the right lane in trial #1, and least when
they were in the center lane in trial #1. When they drove in the center lane in trial #6, the offset

of the position from the center of the lane was between the two trial #1 lane positions.

Interaction Between the Lane/Trial Variable and the Age of the Driver. Table 3 also indicated

that there was an interaction between the lane/trial variable and the age of the driver. This inter-
action is explored in figure 5, which shows that the offset to the left of the lane was smaller for
the younger drivers than the older drivers when the vehicle was in the right lane in trial #1. In
contrast, when the vehicle was in the center lane, both in trial #1 (before the driver had experi-
enced automated travel) and in trial #6 (after the driver had traveled under automated control),

the offset to the left was smaller for the older drivers than it was for the younger drivers.
Steering Drift
Lane/Trial Effects. Table 3 showed that the lane/trial variable had a statistically significant ef-

fect on by —the gradient of the line of best fit that indicates the direction and strength of the

steering drift. The Tukey Studentized range test, with the Tukey-Kramer modification, was used
to examine the values of bp obtained while the drivers were driving in the right lane in trial #1,
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Figure 4. Initial lane position of the driver’s vehicle in pre-AHS and post-AHS driving segments
(averaged over all drivers). [Positive values indicate that the initial lane position was offset to
the left of the center of the lane. Negative values would have indicated that the initial lane posi-
tion was offset to the right of the center of the lane.]

tha center lane in trial #1, and the center lane in trial #6. The test indicated that the three steering

drifts were statistically different from each other (the differences are illustrated in figure 6).

As figure 6 shows, the steering drift was toward the right of the lane when the drivers drove in
the right lane in trial #1 and when they were in the center lane in trial #6; it was to the left when
they drove in the center lane in trial #1. The magnitude of the steering drift was greatest
[~0.000190 m/m (~0.000190 ft/ft)] when the driver drove in the right lane in trial #1. When
taken in conjunction with the fact that initial lane position was relatively far to the left, this
steering drift shows that in steering to the right, the driver was steering the vehicle toward the
center of the lane. There was a smaller steering drift [+0.000085 m/m (+0.000085 ft/ft)] when
the driver drove in the center lane in trial #1, but in this case it was positive. In addition, while
the initial lane position for the center lane was relatively close to, but to the left of, the center
line, the steering drift indicates that the driver steered the vehicle farther away from the center of

the lane. Finally, when the driver drove in the center lane in trial #6, there was a very small
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Figure 5. Initial lane position of the driver’s vehicle in pre-AHS and post-AHS driving segments

for the older and younger drivers. [Positive values indicate that the initial lane position was off-

set to the left of the center of the lane. Negative values would have indicated that the initial lane
position was offset to the right of the center of the lane.]

cteering drift—the bp value was only —0.000006 m/m (-0.000006 ft/ft)—indicating that the

driver held a course that was essentially parallel to the lane, after traveling in the automated '2ne.
Steering Instability

Lane/Trial Effects. Table 3 indicated that the lane/trial variable also had a statistically significant
effect on I (steering instability). When used to examine the steering instability in each of the
three road segments, the Tukey Studentized range test, with the Tukey-Kramer modification,
showed that significantly more steering instability occurred when the drivers were driving in the
center lane in trial #1 than when they drove in either the right lane in trial #1 or the center lane in
trial #6. The average steering instabilities obtained in each of the three road segments are shown

in figure 7.
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Figure 6. The steering drift in pre-AHS and post-AHS driving segments (averaged over all
drivers). [Note: if the steering drift was zero, the vehicle was traveling along a line
parallel to the center of the lane; if the steering drift was positive, the vehicle was drifting
from right to left; and if the steering drift was negative, the vehicle was drifting from left
to right.]
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Figure 7. The steering instability in pre-AHS and post-AHS driving segments (averaged over all
drivers).

Interaction of the Lane/Trial Variable, the Age of the Driver, and the Method of Control Trans-
fer. Table 3 also indicated that there was a statistically significantly interaction involving the age

of the driver, the method of transferring control in trial #6, and the lane/trial variable. This inter-

action is explored in figure 8.

Figure 8 shows the steering instability as a function of the lane/trial variable for the older and
younger drivers using the driver-controlled and situation-controlled transfer methods. When the
drivers were in the right lane in trial #1, there were virtually no differences in average steering
instability scores for the four groups. In contrast, when they drove in the center lane, whether in
trial #1 or trial #6, there were differences in the steering instability scores. When the drivers
were in the center lane in trial #1, there was little difference in the steering instability scores of
the two groups of older drivers. However, there was a difference in the instability scores for the
younger drivers—the mean instability score for the younger drivers who used the driver-con-
trolled transfer method was similar to the scores for the older drivers, while there was less steer-
ing instability for the younger drivers who used the situation-controlled transfer method. When
the drivers were in the center lane in trial #6, after traveling in the automated lane, there was less
steering instability for two of the groups—the older drivers using the driver-controlled transfer

method and the younger drivers using the situation-controlled transfer method—than there
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Figure 8. The steering instability in pre-AHS and post-AHS driving segments for the older and
younger drivers using the driver-controlled and situation-controlled transfer methods in trial #6.

was for the other two groups—the older drivers using the situation-controlled transfer method

and the younger drivers using the driver-controlled transfer method.

Number of Steering Oscillations

The Effects of the Lane/Trial Variable. the Age of the Driver, and the Interaction Between Them.
Table 3 shows that the number of steering oscillations-—the number of times the steering line of
best fit was crossed per minute—was affected by the lane/trial variable and by the age of the

driver. In addition, the interaction between these two variables was statistically significant, as
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was the three-way interaction between these two variables and the designated AHS velocity. The
effect of these variables on the number of steering oscillations is best described in terms of the

interaction among them. It is illustrated in figure 9.

Figure 9 shows several effects. First—and easiest to see—the effect of the driver’s age is shown
in that there were more steering oscillations for the older drivers than for the younger drivers in
eight of the nine combinations of the lane/trial variable and the designated AHS velocity. The
exception occurred when the driver drove at 104.7 km/h (65 mi/h) in the center lane in trial #1.
Second, the difference between the older and younger drivers was greatest when the driver drove
in the right lane in trial #1. Third, there were more oscillations for the older drivers when the
driver drove in the right lane in trial #1 and fewer when the driver drove in the center lane in trial
#6. Fourth—and hardest to discern—there were more oscillations for the younger drivers when
the driver drove in the center lane in trial #1 than there were when the drive. 'rove in either the

right lane in trial #1 or in the center lane in trial #6.

THE EFFECT OF TRAVELING IN THE AUTOMATED LANE ON VELOCITY
MAINTENANCE

As with the lane-keeping measures discussed in the previous section, the velocity maintenance
measures were derived by calculating the line of best fit (using the method of least squares) for
each driver from the velocity data obtained in the selected segments. Equations 6, 7, and 8 were
used to derive the initial velocity, the velocity drift, and the velocity instability. In addition, the
number of velocity fluctuations was calculated. T.tle 4 shows the statistically significant vari-
ables and interactions from the second group of four ANOVA’s in which the velocity mainte-
nance measures obtained before and after the driver traveled under automated control were com-
pared. The complete summary tables for these four ANOVA’s are presented as tables 12, 13, 14,
and 15 in appendix 4.
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Table 4. Summary of the four ANOVA’s conducted to determine whether the velocity mainte-
nance performance measures were affected by the lane/trial variable (T), the age of the driver
(A), the method of transferring control (M), or the designated AHS velocity (V).

ay Iy Number of
(initial veloc- by (velocity in- velocity
Source ity) (velocity drift) stability) fluctuations
A 0.0066 — — —
Vv — — —_ 0.0262
T — 0.0042 0.0135 0.0001
\'i — — — 0.0023
AM 0.0085 — — 0.0212
AMVT — — 0.0352 0.0481

Table 4 shows that ay, the initial velocity, was affected by the age of the driver, and that there
was a significant interaction between the age of the driver and the method of control transfer
used in trial #6. In addition, by, the velocity drift, was affected by only the lane/trial variable.
There was a four-way interaction for Iy, the velocity instability, which was also affected by the
lane/trial variable. The fourth velocity maintenance measure (number of velocity fluctuations)
was affected by both the lane/trial variable and the designated AHS velocity in trial #6, and there
were three statistically significant interactions. These various effects are discussed in detail be-

low.
Initial Velocity

The Age of the Driver. As table 4 shows, only one of the four independent variables—the age of
the driver—had a significant overall effect on ay, the initial velocity (i.e., the point at which the

velocity maintenance line of best fit intercepted the velocity axis at the beginning of each straight
road segment). The mean initial velocity for the older drivers was 87.0 kmv/h (54.0 mi/h)—

1.6 km/h (1.0 mi/h) slower than the speed limit. The initial mean velocity for the younger
drivers was 90.1 km/h (55.9 mi/h)—1.5 km/h (0.9 mi/h) faster than the speed limit.

Interaction Between the Age of the Driver and the Method of Control Transfer. Table 4 shows

that there was also a significant interaction between the age of the driver and the method of trans-

ferring control in trial #6. This interaction is explored in figure 10.
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Figure 10. Initial velocity as a function of the control transfer method used in trial #6, for the
older and younger drivers.

Figure 10 shows that overall, the initial velocity for the younger drivers was greater than that for
the older drivers. Also, the difference was greater for the drivers who were in the situation-con-
trolled transfer group in trial #6 than for those who were in the driver-controlled transfer group.
For the drivers in both age groups, there were overall differences in the mean initial velocities
obtained from the driver-controlled transfer group and the situation-controlled transfer group,
although the differences were in opposite directions: The initial velocity of the younger drivers
who used the driver-controlled method was slower than the initial velocity of the younger drivers
who used the situation-controlled method, while the initial velocity of the older drivers who used
the driver-controlled method was faster than the initial velocity of the older drivers who used the
situation-controlled method. It had been expected that any such differences would not have been
overall differences, but would instead have been differences only in trial #6. This was because
since the trial #1 data were collected before the driver experienced the transfer of control, the
initial velocity could not be affected in trial #1 by the variation in the control transfer method.
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Velocity Drift

Lane/Trial Effects. Table 4 shows that by, the velocity drift (i.e., the gradient of the velocity
maintenance line of best fit), was affected only by the lane/trial variable. The Tukey Studentized
range test, with the Tukey-Kramer modification, was used to examine the values of by obtained
in each of the three road segments. The test indicated that there was a lane effect, but not an
AHS effect—the velocity drift was significantly different when the drivers were in the right lane
in trial #1 than when they were in the center lane, either before or after traveling in the automated
lane. This effect is shown in figure 11. There was no significant difference in the velocity drifts

when the drivers were in the center lane in trial #1 and trial #6.

Figure 11 shows clearly that the magnitude of the velocity drift was much greater when the
drivers were in the right lane at the beginning of trial #1. The magnitude of (:e effects shown in
figure 11 can be put in perspective by considering the length of the segmens of driving behavior
being used throughout these analyses. The median segment length was approximately 40 s. As
mentioned in the subsection above, the mean initial velocity at the start of the segments, for both
the older and younger drivers, was within 1.6 km/h (1.0 mi/h) of the 88.6-km/h (55-mi/h) speed
limit—therefore, in 40 s, the driver’s vehicle would travel approximately 984 m (3226 ft). In

40 s, given the mean velocity drift shown in figure 11, a vehicle traveling in the right lane in trial
#1 (pre-AHS) would slow down by approximately 5.1 km/h (3.2 mi/h). In contrast, the mean
velocity drifts shown in figure 11 indicate that when traveling in the center lane, either pre- or
post-AHS, the change in velocity in 40 s would have been minimal—for the vehicle traveling in
the center lane in trial #1 (pre-AHS), there would fave been a reduction in velocity of approxi-
mately 0.3 km/h (0.2 mi/h); while for the vehicle traveling in the center lane in trial #6 (post-
AHS), there would Lave been an increase in velocity of approximately 0.5 km/h (0.3 mi/h).

Velocity Instability

Lane/Trial Effects. Table 4 shows that Iy, the velocity instability (i.e., the variability around the

line of best fit for velocity), was affected by the lane/trial variable. When it was used to examine
Iy, the Tukey Studentized range test, with the Tukey-Kramer modification, suggested that veloc-
ity instability might be affected by automated travel. There was a statistically significant differ-
ence between the value of ;, obtained pre-AHS in the right lane and the value post-AHS in the
center lane; the I, value obtained pre-AHS in the center lane lay between the other two values

and was not significantly different from either of them. The effect of the lane/trial variable on Iy,
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Figure 11. The velocity drift in pre-AHS and post-AHS driving segments (averaged over all
drivers).

is shown in figure 12. As can be seen from the figure, the velocity instability increased after the

drivers traveled under automated control.

Four-Way Interaction. Table 4 indicates that for Iy, the velocity instability, there was also a sta-

tisticaliy significant four-way interaction among the age of the driver, the method of control
transfer, the designated AHS velocity, and the lane/trial variable. In order to explore this inter-
action, the cell means of the 36 combinations of the 4 interacting variables were inspected. The
current experiment was designed in such a way that for each combination of the four variables,
data should have been provided by five drivers. Unfortunately, in the combination of conditions
that produced the highest velocity instability, there were data from only one driver. The data
from the remaining drivers in this group were unavailable or were removed because they were
outliers. The four-way interaction appears to have occurred because of the lost or removed data;

therefore, it is not analyzed further.
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Figure 12. Thé velocity instability in pre-AHS and post-AHS driving segments (averaged over
all drivers).

Number of Velocity Fluctuations

The final velocity maintenance measure is the number of velocity fluctuations, i.e., the number of
crossings of the velocity maintenance line of best fit. Table 4 shows that it was affected by two

independent variables and was involved in three interactions.

Lane/Trial Effects. Although the lane/trial variable was involved in a two-way and a four-way

interaction, its overall effect was very clear, and, because of this, that effect is shown in

figure 13.

The Tukey Studentized range test, with the Tukey-Kramer modification, was used to conduct a
more detailed examination of the mean number of velocity fluctuations per minute that were ob-
tained in each of the three road segments. The test showed that there were significantly more
fluctuations per minute when the drivers were in the right lane pre-AHS than there were when

they were in the center lane in either the pre-AHS or post-AHS segment.
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Figure 13. The number of velocity fluctuations per minute in pre-AHS and post-AHS driving
segments (averaged over all drivers).

As figure 13 shows, there were 50 percent more velocity fluctuations per minute when the
drivers were in the right lane in trial #1 than there were when they were in the center lane in ei-
ther trial #1 or trial #—there were 5.1 velocity fluctuations per minute when they were in the
right lane and only 3.4 and 3.0 velocity fluctuations per minute when they were in the center lane

L trials #1 and #6, respectively.

Designated AHS Velocity Effects. Table 4 indicated that there was a difference in the mean
number of velocity fluctuations obtained from the drivers in the three designated AHS velocity
groups. When the Tukey Studentized range test, with the Tukey-Kramer modification, was used
to examine the means, it was found that there were more fluctuations for the drivers who experi-
enced a designated AHS velocity of 153.0 km/h (95 mi/h) in trial #6 than there were for the
drivers who experienced the 128.8-km/h (80-mi/h) designated AHS velocity in trial #6; while the
number of fluctuations for the drivers who experienced a designated AHS velocity of 104.7 km/h
(65 mi/h) in trial #6 lay between the other two values and was not significantly different from ei-
ther of them. This overall effect of designated AHS velocity was not expected, since the three
groups of drivers experienced the different designated AHS velocities only in the automated lane

after the trial #1 data were collected. More information about this effect is provided in the
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subsection on the interaction between the designated AHS velocity and the age of the driver,

which follows immediately.

Interaction Between the Designated AHS Velocity and the Age of the Driver. Table 4 indicated
that the interaction between the age of the driver and the designated AHS velocity that he/she ex-

perienced in trial #6 was statistically significant. This interaction is represented in figure 14.

Figure 14 shows that there was essentially no difference in the number of velocity fluctuations
per minute for the older drivers who were in the 104.7-km/h (65-mi/h) and 128.8-km/h (80-mi/h)
designated AHS velocity groups, and no difference for the younger drivers who were in the
128.8-km/h (80-mi/h) and the 153.0-km/h (95-mi/h) designated AHS velocity groups. The age-
by-designated AHS velocity interaction occurred because there were more velocity fluctuations
per minute for the remaining two comhinations of age and designated AHS _locity—the
younger drivers in the 104.7-km/h (65-mi/h) designated AHS velocity group and the older
drivers in the 153.0-km/h (95-mi/h) designated AHS velocity group.

Interaction Between the Method of Transferring Control and the Age of the Driver. Table 4 indi-

cated that the interaction between the age of the driver and the method of transferring control that
he/she experienced in trial #6 was statistically significant. This interaction is represented in fig-
ure 15. Figure 15 shows that there were approximately four velocity fluctuations per minute for
three of the four combinations of age and transfer method. Only the younger drivers who used
the driver-controlled transfer method had a lower number of velocity fluctuations—the mean

aumber of fluctuations was 3.2 per minmte.

Four-Way Interaction. Table 4 indicates that there was also a statistically significant four-way

interaction among the age of the driver, the method of control transfer, the designated AHS ve-
locity, and the lane/trial variable. In order to explore this interaction, the cell means of the 36
combinations of the 4 interacting variables were inspected. The current experiment was designed
in such a way that for each combination of driver’s age, control transfer method, designated AHS
velocity, and the lane/trial variable, data should have been provided by five drivers. Unfortu-
nately, in two combinations of conditions that produced extreme values of the number of velocity
fluctuations, there were data from only one driver. There were data from only one driver because
the data from the remaining four drivers who were in these groups were unavailable or were re-
moved because they were outliers. The four-way interaction apg -ars to have occurred because of

the lost or removed data; therefore, it is not analyzed further.
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Figure 14. The number of velocity fluctuations per minute as a function of the designated AHS
velocity for the older and younger drivers.
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Figure 15. The number of velocity fluctuations per minute as a function of the method of trans-
ferring control for the older and younger drivers.
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COLLISIONS AND LANE INCURSIONS

In this experiment, there were three collisions and five lane incursions—too few to perform
meaningful statistical analyses. Table 5 shows the number of collisions and lane incursions that

occurred before and after the older and younger drivers traveled in the automated lane.

Table 5. The number of collisions and lane incursions occurring before and after the older and
younger drivers traveled under automated control.

Pre-AHS Post-AHS
Older drivers | Younger drivers | Older drivers | Younger drivers
Collisions 1 0 1
Incursions 1 1 2 1

As can be seen from table 5, 1 of the 3 collisions occurred in trial #1—it involved an older driver
(who did not continue to drive in the experiment)—when all 60 drivers drove in the expressway
for approximately 3 min. The other 2 collisions occurred in trial #6—one involved an older
driver, the other involved a younger driver—when the remaining 59 drivers drove in the ex-

pressway for approximately 4 min after they had traveled in the automated lane.

Table 5 also shows the number of lane incursions that occurred. Lane incursions were defined as
occasions when the driver began to change lanes but, for some reason, did not complete the ma-
neuver and, instead, returned to the lane from which he/she started. Two of the five incursions
occurred in trial #1—one involved an older driver, the other involved a younger driver. The re-
maining three occurred in trial #6—two involved older drivers, the third involved a younger

driver—after they had traveled in the automated lane.
MINIMUM FOLLOWING DISTANCE

The minimum distances behind which the driver followed the vehicle ahead while the driver was
in control of the vehicle were determined for both the pre;AHS and post-AHS segments. An
analysis of variance examining these distances as a function of driver age found no significant
differences. Thus, traveling under automated control did not affect how closely the driver fol-
lowed the vehicle ahead.
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VISUAL CAPABILITIES TESTING

The Titmus Vision Tester was used to administer a series of standard visual tests. None of the
drivers taking part in this experiment were found to have any visual problems that were not
remedied by the wearing of corrective lenses. Each driver was also given two newly developed
tests—they were tested with a perimeter that explored static and dynamic peripheral sensitivity
out to 21° of eccentricity, under binocular viewing conditions. Comparison of the data from the
drivers who took part in this experiment with data from ophthalmological patients examined in
the University of Iowa Hospitals indicated that the peripheral sensitivities of the drivers were

typical of normal subjects drawn from the populations of equivalent age groups.

QUESTIONNAIRE DATA

A copy of the questionnaire used in the multiple experiment is presented in appendix 3; it con-
sisted of 31 questions. After questions 1 through 26 and 30, a 103-mm response bar was pre-
sented. At each end of the response bar there was an anchor point reflecting the extremes of each
possible response to the question posed. A third anchor point was placed in the middle of the bar
to reflect a neutral value between the two extremes. The drivers were asked to indicate their re-
sponses by marking the bar. Each response was measured, in millimeters, from the left end to
the mark made by the driver. Scores between O mm and 51 mm reflect responses that favor the
extreme to the left—the closer the score is to O mm, the more it favors the extreme position.
Scores between 52 mm and 103 mm reflect responses that favor the extreme to the right—the
closer the score is to 103 mm, the more it favors the extreme position. The neutral point was

between 51 mm and 52 mm.

A series of ANOVA'’s was conducted on the data obtained for questions 1 through 26 and 30 to
determine whether the age and/or gender of the driver affected the responses of the drivers. The
results of the analyses for all but one of these questions are presented in the reports dealing with
the other three experiments that, along with the current experiment, were part of the multiple ex-
periment. Table 6 lists the numbers of the questions and the topics they cover, and gives the ref-
erence number(s) of the report(s) in which the responses have been presented.
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Table 6. Reference numbers of reports in which questionnaire responses are presented.

Question

Topic

Reference number of report

Simulator experience

3)

Simulator realism

3)

Simulator realism 3)
Simulator realism 3
Simulator realism 3
Simulator experience 3)
AHS messages 3)
AHS messages (3)
Control 3
Control (3

Inter-string gap

(3), (4)

Designated AHS velocity

3. @

Accuracy of the comfort lever

4)

Re Juced AHS capability

o)

Reduced AHS capability

)

Reduced AHS capability

)

Reduced AHS capability

)

0ol 3l o Gl B 5 15l =) 3 o oof | o wf & wof o] —

Safety and resumption of
manual control

current report

19 Safety 3)
20 Attitude toward AHS 3
21 Attitude toward AHS 3)
22a Attitude toward AHS &)
22b Attitude toward AHS &)
22¢ Attitude toward AHS @, (>
23 Attitude toward AHS 3@
24 Attitude toward AHS ONG)
25 Attitude toward AHS 3), @ T
26 Attitude toward AHS 3@
30 Cruise control %)

Resumption of Manual Control

Question 18 was an inquiry into how safe the driver felt when he/she left the automated lane and
entered the manual lane in trial #6. No statistically significant difference was found when an

ANOVA was conducted on the responses to this question. The average response of the drivers to
this question is presented in table 7, and it indicates that the drivers felt safe at the speed at which

they left the automated lane and entered the center lane in trial #6.
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Table 7. Response to a question on the resumption of manual control.

Question

[18. How safe did the speed at which you left the automated lane and
entered the manual lane feel?

L. Very unsafe

R. Very safe

69.9

Overall Mean
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SECTION 4: DISCUSSION
THE EFFECT OF TRAVELING UNDER AUTOMATED CONTROL

The objective of this experiment was to determine whether the experience of traveling under au-
tomated control at a high speed with shorter than normal inter-vehicle spacing affected driving
performance. The primary focus of the data analysis was on the lane/trial variable—driving per-
formance data obtained while the driver was in the center lane after traveling under automated
control were compared to driving performance data obtained while the driver was in the right
Jane and center lane before experiencing automated travel. As reported in the previous section of
this report, seven of the eight driving performance measures collected in the current experiment
were affected by the lane/trial variable. The next step was to determine whether any of the dif-
ferences in the driving measures, particularly any that occurred after the driver had traveled un-

der automated control, gave indications that there had been a change in driving performance.

The first two driving performance measures—the initial position of the vehicle and the steering
drift—gave information on the position of the driver’s vehicle relative to the lane. For all three
segments of driving behavior, the initial position of the driver’s vehicle, ap, was to the left of the
center of the lane. The initial position of the vehicle was furthest to the left of the lane when the
driver was in the right lane segment before traveling under automated control, it was nearest to
the center of the lane when the driver was in the center lane segment before traveling under au-
tomated control, and it was between these two initial positions when the driver was in the center

lane segment after travelirg under automated control.

The steering drift, bp, was from left to right for the segments in which the driver was either in the
right lane before traveling under automated control or in the center lane after traveling under au-
tomated control. In these two segments, the driver’s vehicle started to the left of the lane and
drifted right towards the center of the lane as the segment continued. In the third segment, when
the driver was in the center lane before traveling under automated control, the driver’s vehicle
again started to the left of the center of the lane—but with a smaller offset in this case—and then

drifted further left as the segment continued.

The next two driving performance measures—the steering instability (Ip) and the number of
steering oscillations (crossings of the direction of travel)—dealt with how well the driver main-
tained a straight course along the direction of travel. There was less steering instability when the

driver was either in the right lane before traveling under automated control or in the center lane
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after traveling under automated control, than there was when the driver was in the center lane be-
fore traveling under automated control. And the number of steering oscillations was highest
when the driver was in the right lane before traveling under automated control, and least when
he/she was in the center lane after traveling under automated control. If these two findings are
considered together, it is clear that when the driver was in the center lane after traveling under
automated control, there was relatively little steering instability, and the driver achieved this with
fewer steering adjustments than when he/she was in the right lane before traveling under auto-

mated control.

After considering the first four driving measures, which were all lahe—keeping performance mea-
sures, it can be concluded that although the driver’s lane-keeping behavior may have been differ-
ent in the three segments, there is no evidence that it was in any way worse after the driver had
experienced automated travel. In fact to the contrary, in the post-AHS cer. .: lane segment, the
mean value of the steering drift was close to zero, indicating that the coursc steered by the drivers
was almost parallel to the white lane lines. And also in this segment, the low steering instability

score was achieved with relatively few steering adjustments.

The next four driving performance measures all dealt with velocity maintenance. The lane/trial
variable had no effect on the first driving performance measure—there were no differences in ay,
the initial velocity at the start of each road segment—although it did affect the remaining three.
The second velocity maintenance measure was by, the velocity drift—it was relatively small
when the driver was in the center lane either before or after traveling under automated control. It
was much larger (and negative) when tue driver v.as in the right lane before traveling under au-
tomated control. As mentioned earlier, this may have occurred because once the driver had ac-
celerated up to the approximate speed of the rest of the traffic, he/she allowed the velocity to de-

cline because of being in the slower lane of the expressway.

There was more velocity instability (Iy)—the variability in velocity that occurred when the driver
was attempting to maintain a chosen velocity—when the driver was in the center lane after
traveling under automated control than there was when the driver was in the right lane before
traveling under automated control. In contrast, there were fewer velocity fluctuations when the
driver was in the center lane after the driver traveled under automated control than there were

when the driver was in the right lane before experiencing automated control.

When the second set of driving measures (dealing with velocity maintenance) is considered, it

can be concluded that although there was less velocity drift when the driver was in the center
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lane after traveling under automated control, there was more velocity instability and there were
fewer velocity fluctuations. This means that in order to maintain a chosen velocity, before trav-
eling in the AHS, the driver made more frequent, smaller velocity corrections; in contrast, after
traveling in the AHS, the driver made less frequent, larger velocity corrections. It is possible that
traveling under automated control, when the driver is not required to control the velocity of the
vehicle, may cause the driver to become less attentive to speed. While the driver’s velocity
maintenance performance in this experiment cannot, in any way, be considered to be poor, it is
possible that more prolonged travel under automated control might exacerbate this effect to the

point where it becomes problematic.

At first sight, the relative lack of effect of traveling in the automated lane might appear to con-
tradict the results reported by Bloomfield et al.(1) However, that study focused on the events that
occurred during nd just after the moment the AHS transferred control back to the driv .. The
driver took over while the vehicle was traveling at the designated AHS velocity, and was then re-
sponsible for decelerating and for the lane change from the automated to the center lane. When
the designated AHS velocity was set at 128.8 km/h (80 mi/h) and 153.0 km/h (95 mi/h), the
driver slowed down to some extent while in the automated lane. But, when the lane change from
the automated lane to the center lane was complete, he/she was still driving at speeds that were
considerably higher than the speed limit—when the designated AHS velocity was 128.8 km/h
(80 mi/h), the driver entered the center lane at 104.4 km/h (64.9 mi/h); when the designated AHS
velocity was 153.0 km/h (95 mi/h), the driver entered the center lane at 109.8 km/h (68.9 mi/h).

These effects were not found in the current experiment because, as mentioned earlier, the current
experiment focused on post-AHS driving performance after the driver had changed lanes and
after he/she had finished decelerating and had selected a cruising speed. The driving perfor-

mance data equivalent to that reported by Bloomfield et al. were not examined here.(1)

The current experiment showed that when drivers experienced a relatively limited amount of
travel under automated control, there was no decrement in their steering performance. Also, it
suggested that while their velocity control was acceptable, more prolonged exposure might be

problematic.
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OTHER EFFECTS

The Age of the Driver

The age of the driver had a significant effect on two of the eight driving performance measures—
the number of steering oscillations and the initial velocity at the start of the driving segments

(ay)—and was involved in several significant interactions. These various age effects are dis-

cussed below.

When the older drivers were in the right lane before traveling under automated control, the posi-
tion of the vehicle in the lane was offset to the left of the center line to a greater extent than it
was for the younger drivers; however, when they were in the center lane both before and after
traveling under automated ¢ _ntrol, there was a smaller offset to the left of the center line for the
older drivers than there was for the younger drivers. The data for the right lane were, for the
most part, obtained before the data for the center lane in trial #1, and the older drivers may have
been more uncertain than the younger drivers about driving in the simulator vehicle when the ex-
periment began; subsequently, when they became familiar with the new vehicle, they were able

to drive closer to the center of the lane.

There were more steering oscillations and more velocity fluctuations for the older drivers than
there were for the younger drivers. Since there were no differences in the steering instability or
in the velocity instability for the older and the younger drivers, the fact that there were larger
numbers of oscillations and fluctuauons for the older drivers suggests that, for them, the devia-
tions about the lines of best fit—both for steering and for velocity maintenance—were greater in
magnitude, while being shorter in duration than they were for the younger drivers. Given this
fact, one might expect that the older drivers would drive more slowly than the younger drivers.
The fact that the initial velocity was slower for the older drivers than it was for the younger
drivers, while there was no difference in the velocity drift for the two groups, supports this ex-

pectation.
Designated AHS Velocity and Control Transfer Method

The designated AHS velocity and the control transfer method will be discussed together. There

were several occasions when one or both of these variables appeared to have an effect.
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There was a three-way interaction for the steering instability scores among the lane/trial variable,
the age of the driver, and the method of transferring control in trial #6. When this was examined,
it was found that after they had traveled under automated control, there was less steering insta-
bility for the younger drivers who used the situation-controlled transfer method and for the older
drivers who used the driver-controlled method. At this time, there is no obvious explanation for

this interaction.

There were two other effects that must be mentioned—both of them unexpected. First, the group
of younger drivers who had the situation-controlled transfer method in trial #6 had less steering
instability than the group of younger drivers who had the driver-controlled method in trial #6,
when they were driving in the center lane in trial #1. Second, there was a difference in the initial
velocity, over all three segments, for the drivers assigned to the driver-controlled transfer group
as compared with those assigned to the situation-controlled group. Both effects were unexpected
because the control transfer method could not have affected the driving performance measures -
until after the drivers had experienced traveling under automated control. It is possible that these
effects occurred because it took longer for some drivers to become accustomed to driving the
simulator vehicle than others, and although a counterbalancing scheme was used to place drivers
in groups that experienced the various combinations of conditions, in one or two cases, drivers
with similar relatively extreme responses were assigned to the same groups. Further examination
of the data showed that the differences between the groups of drivers decreased as the experi-
ment continued. It is to be expected that effects such as these will be avoided if more time is al-

Jowed for the drivers to become accustomed to driving in the simulator.
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APPENDIX 1: ORDER OF PRESENTATION OF CONDITIONS
The designated AHS velocity experienced by each driver in trial #6 is shown below.

The designated AHS velocity experienced by the younger drivers using the
driver-controlled transfer method

Driver Condition

YDO1 153.0 km/h (95 mi/h)
YDO02 153.0 km/h (95 mi/h)
YDO03 128.8 km/h (80 mi/h)
YD04 104.7 km/h (65 mi/h)
YDO05 104.7 km/h (65 mi/h)
YDO06 128.8 km/h (80 mi/h)
YDO7 128.8 km/h (80 mi/h)
YDOS8 153.0 km/h (95 mi/is)
YD09 104.7 km/h (65 mi/h)
YDI10 153.0 km/h (95 mi/h)
YD11 153.0 km/h (95 mi/h)
YDi2 104.7 km/h (65 mi/h)
YD13 153.0 kmv/h (95 mi/h)
YD14 128.8 knmv/h (80 mi/h)
YDI15 128.8 km/h (80 mi/h)

The desienated AHS velocity experienced by the younger drivers using the
situation-controlled transfer method

Driver Condition

YD16 153.0 km/h (95 mi/h)
YD17 153.0 km/h (95 mi/h)
YDI18 128.8 km/h (80 mi/h)
YD19 104.7 km/h (65 mi/h)
YD20 128.8 km/h (80 mi/h)
YD21 153.0 km/h (95 mi/h)
YD22 104.7 km/h (65 mi/h)
YD23 128.8 km/h (80 mi/h)
YD24 104.7 km/h (65 mi/h)
YD25 128.8 km/h (80 mi/h)
YD26 153.0 km/h (95 mi/h)
YD27 153.0 km/h (95 mi/h)
YD28 128.8 km/h (80 mi/h)
YD29 104.7 km/h (65 mi/h)
YD30 104.7 kmv/h (65 mi/h)
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The designated AHS velocity experienced by the older drivers using the
driver-controlled transfer method

Driver Condition

ODO01 128.8 km/h (80 mi/h)
0DO02 153.0 km/h (95 mi/h)
0ODO03 104.7 km/h (65 mi/h)
OD04 128.8 km/h (80 mi/h)
ODO05 153.0 kin/h (95 mi/h)
OD06 104.7 km/h (65 mi/h)
ODO07 128.8 km/h (80 mi/h)
ODO08 104.7 km/h (65 mi/h)
0OD09 153.0 km/h (95 mi/h)
0OD10 104.7 km/h (65 mi/h)
OD11 153.0 km/h (95 mi/h)
OD12 153.0 km/h (95 mi/h)
OD1:C 104.7 km/h (65 mi/h)
OD14 128.8 km/h (80 mi/h)
OD15 128.8 km/h (80 mi/h)

The designated AHS velocity experienced by the older drivers using the

situation-controlled transfer method

Driver Condition

ODl16 153.0 km/h (95 mi/h)
OD17 128.8 km/h (80 mi/h)
0OD18 153.0 km/h (95 mi/h)
OD19 128.8 km/h (80 mi/h)
0D20 104.7 km/h (65 mi/h)
OD21 104.7 km/h (65 mi/h)
0D22 104.7 km/h (65 mi/h)
0D23 128.8 km/h (80 mi/h)
0D24 153.0 km/h (95 mi/h)
0D25 128.8 km/h (80 mi/h)
0D26 104.7 km/h (65 mi/h)
OD27 153.0 km/h (95 mi/h)
0D28 128.8 km/h (80 mi/h)
OD29 104.7 km/h (65 mi/h)
0D30 153.0 km/h (95 mi/h)
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APPENDIX 2: EXTRACTS OF THE NARRATIVE FOR THE TRAINING VIDEOS

[Note: There were four versions of the training videos used in this experiment—one for each of
the types of control transfer investigated in the first part of the multiple experiment. Much of the

narrative was repeated in each tape. The narrative presented here is the text relating to the cur-
rent experiment for the manual transfer training tape, with only the changes to this text given for
the remaining tapes. The text for the other phases of the multiple experiment has been omitted

for the sake of brevity.]

VIDEOTAPE #1: MANUAL TRANSFER ON ENTRY TO AHS

[A. Introducing the AHS]

Passage A.1:

Passage A.2:

The study in which you are about to participate is part of an on-going investigation
of Automated Highway Systems. We are conducting the investigation for the
FHWA (the Federal Highway Administration). The FHWA is responsible for
safety and travel effectiveness on our highways. In this investigation, the FHWA
is trying to determine how to design an Automated Highway System in order to re-
duce congestion and to increase highway safety. We are conducting a series of
studies using the Iowa Driving Simulator. We will explore how an Automated
Highway System might work, and how well drivers would handle their vehicles in
such a system. The data provided by you, and others, will aid us in making accu-
rate and responsible recommendations about how to design and operate the Auto-
mated Highway System. This is a test of the Automated Highway System, not a
test of you, the driver. We will maintain your privacy—your data will never be

presented with your name attached.

The Automated Highway System could be designed in a number of ways. The ver-
sion that you will drive in the simulator has been installed on a freeway with three
lanes in each direction. In this freeway, the left-most lane is reserved for auto-
mated traffic only. All the vehicles in this lane are under the control of the Auto-
mated System. They will be arranged in strings—there may be one, two, three, or
four vehicles traveling together in each string. The vehicles in the automated lane
will be traveling faster than the traffic in the other two lanes. The right and center

lanes are not automated, and the speed limit in these lanes is 55 miles per hour.
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[B. Entering the Automated Lane]

Passage B.1:

Passage B.2:

Passage B.3:

Passage B.4:

Passage B.5:

Passage B.6:

Now, I will describe how you enter the automated lane and join one of the strings

of automated vehicles.

At the start of each drive, your vehicle will be on the hard shoulder of the freeway.
You will drive into the right lane of the freeway, then move from the right lane to
the center lane. While you are in the right and center lanes, you will drive among
vehicles that are not under automated control—they will behave in the way that

traffic usually behaves on a freeway.

When you get into the center lane, you must let the System know that you are
ready to enter the automated lane—you do this by pressing the Resume button.
The System will reply as follows:

[“Welcome to the automated highway system.

You will be able to enter the automated lane in a few moments.

Please wait for the signal.”]

The System will check out your vehicle, and determine which string of vehicles
you should join. While you are waiting, please drive at 55 miles an hour and keep
in your lane. When the System has decided it is appropriate for you to move nto
the automated left lane, you will hear the following Enter command:

[“After the countdown, enter the automated lane.

Four...three...two...ou¢...enter.” |

When this message starts, a string of vehicles will be passing you in the automated
lane—so you must wait until you hear the Enter command. But, then, as soon as
you do hear the Enter command, you should drive into the automated lane. As
soon as your vehicle has crossed the white line and is completely in the automated
lane, you should transfer control to the Automated System—you transfer control
by pressing the On button, which is located to the left of the center panel of the

steering wheel.
You will know that you have transferred control when you hear the following mes-

sage:

[“Your vehicle is now under the control of the Automated System.”]
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Passage B.7:

Passage B.8:

Passage B.9:

Passage B.10:

Passage B.11:

Passage B.12:

Passage B.13:

The System will automatically control your speed and the speed of the string be-
hind you, adjusting both until your vehicle becomes the lead vehicle of that string.

By moving into the automated lane as soon as you hear the Enter command and
transferring control quickly, you will give the System as much time as possible to

take control of your vehicle before the next string of vehicles comes along.

Let me review the entry procedure. You will start on the hard shoulder of the free-
way, drive to the center lane, and press the Resume button to let the System know
that you are ready to enter the automated lane. The System will welcome you and
ask you to wait for the Enter command. As soon as you hear the Enfer command,
you will drive into the automated lane and press the Or button to transfer control to
tt. Automated System. Then, the System will adjust your speed and the _peed of
e string behind you until your vehicle becomes the lead vehicle of that string.

Now, I will describe three possible problems with entering the automated lane.

First, while you are in the center lane waiting for the Enter command, you should
continue to drive in the center lane at 55 miles an hour. If you move out of your
lane, you will hear the following warning:

[“You’re out of lane—you’ve crossed the white line.

Please return to the center lane.”]

Second, if you go too fast or too slowly, your vehicle will not be able to enter the
automated lane safely, and you will hear this warning:

[“You’re driving at the wrong speed.

Please check your speed and drive at 55 miles an hour.”]

Third, if after you are given the Enter command, you take too long to move into
the automated lane, you will not be able to enter safely, and you will hear the fol-
lowing warning:

[“Don’t enter! Don’t enter! Don’t enter!

Stay in the center lane—there’s no room in the automated lane.

Please wait for another signal.”]
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Passage B.14:

Now, let me briefly mention again what will happen when you enter the auto-

mated lane:
—You drive into the center lane and press the Resume button.

—The System will ask you to wait for the Enfer command.

—While you wait, you should drive in the center lane at 55 miles an hour.

—You must wait until you hear the Enter command.

—Then, the moment that you do hear the Enter command, you should drive into
the automated lane.

—As soon as your vehicle has crossed the white line into the automated lane, you
press the On button to transfer control to the System.

—You will hear a message informing you that the System has taken control of

your vehicle.

[C. Comfort Level]
[*Note—The narrative for this section of the multiple experiment is omitted because it is not rel-

evant to the current experiment. ]

[D. Reduced Capability]
[*Note—The first part of the narrative for the reduced capability section of the multiple experi-
ment is included here—it describes how the driver was instructed to regain control of the vehicle

in trial #6.]
Passage D.1:

Passage D.2:

After you have been traveling in the automated lane for a few minutes, you will
reach a section of the ireeway where the System cannot operate at full capacity.
There will be a loss in capability—it will be unable to control the steering, or the
speed of your vehicle, or both the steering and the speed. And, you will need to fi}l

in for the System until the lost capability is restored.

Twenty seconds before you arrive at the lost capability section, you will receive a
warning telling you which capabilities have been reduced. The warning for both
steering and speed control loss will sound like this:
[“In twenty seconds, the Automated System will not be able to control your
vehicle. To regain control now, take hold of the steering wheel, place your

foot on the accelerator, and push the Off button.”]
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Passage D.3: If you take control at this point, you will hear the following message:
[“You now have full control of your vehicle.”]

Passage D.4: If you have not already taken control, when you reach the point at which the lost
capability section starts, you will hear a second message. It will sound like this:
[“After the countdown, the system will no longer control your vehicle.
Four...three...two...one...now.

You must control your vehicle.”]

Passage D.5: When you hear this message, there will be no need to press the Off button to take
control. There will be no need to press it because, at this point, the System will be
unable to control the lost capability—you must take control. While you control the
speed and steering, you should try to maintain your position in the string of vehi-

cles.
[Passages D.6 and D.7 are omitted here because they are not relevant to the current experiment. |

Passage D.8: Let me review what will happen with the lost capability section of the freeway:
—Twenty seconds before you reach the section you will receive a warning.
—1It will tell you which capabilities the System has lost—speed, or steering, or
both speed and steering.
—You may take control at this point by pressing the Off button.
—If you do not take control at this point, when you reach the lost capability section
you will be told that you must take control—since from here, the System will

not control the lost capability.
—While you control the vehicle, please try to maintain your position in the string

of vehicles.
[*Note—The remainder of the narrative for the reduced capability section of the multiple experi-
ment is omitted because it is not relevant to the current experiment.]

VIDEOTAPE #2: AUTOMATED TRANSFER ON ENTRY TO AHS

[A. Introducing the AHS]
Passage A.1: AS IN MANUAL
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Passage A.2:

AS IN MANUAL

[B. Entering the Automated Lane]

Passage B.1:

Passage B.2:

Passage B.3:

Passage B.4:

Passage B.5:

Passage B.6:

AS IN MANUAL

AS IN MANUAL

When you get into the center lane, you must let the System know that you are
ready to enter the automated lane—you do this by pressing the On button. Then
the System will take control of your vehicle—and you will hear the following mes-
sage:

[“Welcome to the Automated Highway System.

Your vehicle is now under automated control.”]

While you are in the center lane, the System will steer your vehicle, control its
speed, and keep it an appropriate distance from the vehicle ahead. Then, when
there is room for your vehicle to join a string, the System will move it into the au-

tomated lane.

Once you are in the automated lane, the System will automatically control your
speed and the speed of the string behind you, adjusting both until your vehicle be-

comes the lead vehicle ot wat string.

So, to get into the automated lane:

—You have to drive into the center lane, then press the On button.

—You will hear a message informing you that the System has taken control of
your vehicle.

—When there is room for your vehicle, the System will move you into the auto-
mated lane.

—Then it will control your speed and the speed of the string of vehicles behind
you, adjusting both until your vehicle becomes the lead vehicle of that string.

[C. Comfort Level]
[*Note—The narrative for this section of the multiple experiment is omitted because it is not rel-

evant to the current experiment.]
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[D. Reduced Capability]

Passage D.1:

Passage D.2:

Passage D.3:

Passage D.4:

AS IN MANUAL

Twenty seconds before you arrive at the lost capability section, you will receive a
warning telling you which capabilities have been reduced. The warning for both
steering and speed control loss will sound like this:

[“In twenty seconds, the Automated System will not be able to control your

vehicle.”]

Then, when you reach the point at which the lost capability section starts, you will
hear a second message. It will sound like this:
[“After the countdown, the system will no luuger control your vehici. .
Four...three...two...one...now.

You must control your vehicle.”]

When you hear this message, the System will be unable to control the lost capabil-
ity—you must take control. While you are in control, you should try to maintain

your position in the string of vehicles.

[Passages D.5 and D.6 are omitted here because they are not relevant to the current experiment.]

Passage D.7:

Let me review what will happen with the lost capability section of the freeway:

—Twenty seconds before you reach the section you will receive a warning.

—Tt will tell you which capabilities the System has lost—speed, or steering, or
both speed and steering.

—When you reach the lost capability section you will be told that you must take
control—since from here, the System will not control the lost capability.

—While you control the vehicle, please try to maintain your position in the string

of vehicles.

[*Note—The remainder of the narrative for the reduced capability section of the multiple experi-

ment is omitted because it is not relevant to the current experiment. ]
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VIDEOTAPE #3: PARTIALLY AUTOMATED TRANSFER ON ENTRY TO AHS—

DRIVER-CONTROLLED METHOD TO TAKE OVER LOST CA-
PABILITY

[A. Introducing the AHS]

Passage A.1:

Passage A.2:

AS IN MANUAL

AS IN MANUAL

[B. Entering the Automated Lane]

Passage B.1:

Passage B.2:

Passage B.3:

Passage B 4:

Passage B.5:

AS IN MANUAL
AS IN MANU AL

When you get into the center lane, you should adjust your speed to 55 miles an
hour and let the System know that you are ready to enter the automated lane—you
do this by pressing the On button. The System will take control of your speed, and
reply as follows:

[“Welcome to the Automated Highway System.

You will be able to enter the automated lane in a few moments.

Please wait for the signal.”]

While the System con.rols your speed, you must continue to steer your vehicle.
When the System has decided it is appropriate for you to move into the automated
left lane, you will hear the following Enter command:
[“After the countdown, enter the automated lane.
Four...three...two...one...enter.”]

When this message starts, a string of vehicles will be passing you in the automated
lane—so you must wait until you hear the Enter command. But, then, as soon as

you do hear the Enter command, you should drive into the automated lane.

Passage B.6: The System will take control of your vehicle as soon as it crosses the white line.

Then, you will hear a second message—informing you that the System has taken
control. This is what you will hear:

[“Your vehicle is now under the control of the Automated System.”]

62



Passage B.7:

Passage B.8:

Passage B.9:

AS IN MANUAL

By moving into the automated lane as soon as you hear the Enter command, you
will give the System as much time as possible to take control of your vehicle, be-

fore the next string of vehicles comes along.

Let me review the entry procedure. You will start on the hard shoulder of the free-
way, and drive to the center lane. You will then press the On button to let the Sys-
tern know that you are ready to enter the automated lane. The System will control
your speed and ask you to wait for the Enter command. As soon as you hear the
Enter command, you will drive into the automated lane where the System will take

full control of your vehicle. Then, the System will adjust your speed and the speed

of the string behind you, until your vehicle becomes the lead vehicle of that string.

Passage B.10:

Passage B.11:

Passage B.12:

Passage B.13:

Now, I will describe two possible problems with entering the automated lane.

First, while you wait for the Enter command, you should continue to drive in the
center lane. If you move out of the lane, you will hear the following warning:
[“You’re out of lane—you’ve crossed the white line.

Please return to the center lane.”]

And second, after you are given the Enter command, if you take too long to move
into the automated lane, you will not be able to enter safely, and you will hear the
following warning:

[“Don’t enter! Don’t enter! Don’t enter!

Stay in the center lane—there’s no room in the automated lane.

Please wait for another signal.”]

Now, let me briefly mention again what will happen when you enter the auto-

mated lane:

—You drive into the center lane, and press the On button.

—The System will take control of your velocity and ask you to wait for the Enter
command.

—You must wait until you hear the Enter command.
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—Then, as soon as you do hear the Enter command, you should drive into the
automated lane.
—When your vehicle has completely crossed the lane marker, you will hear a

message informing you that the System has taken control of your vehicle.

[C. Comfort Level]

[*Note—The narrative for this section of the multiple experiment is omitted because it is not rel-
evant to the current experiment.]

[D. Reduced Capability]

[*Note—The first part of the narrative for the reduced capability section of the multiple experi-
ment is included here—it describes how the driver was instructed to regain control of the vehicle
in trial #6.]

Passage D.1: AS IN MANUAL

Passage D.2: AS IN MANUAL

Passage D.3: AS IN MANUAL

Passage D.4: AS IN MANUAL

Passage D.5: AS iN MANUAL

[Passages D.6 and ID.7 are omitted here because they are not relevant to the current experiment. ]
Passage D.§: AS IN MANUAL

[*Note—The remainder of the narrative for the reduced capability section of the multiple experi-

ment is omitted because it is not relevant to the current experiment.]
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VIDEOTAPE #4: PARTIALLY AUTOMATED TRANSFER
ON ENTRY TO AHS—SITUATION-CONTROLLED
METHOD TO TAKE OVER LOST CAPABILITY

[A. Introducing the AHS]
Passage A.1: AS IN MANUAL

Passage A.2: AS IN MANUAL

[B. Entering the Automated Lane]
Passage B.1: AS IN MANUAL

Passage B.2: A” IN MANUAL

Passage B.3: AS IN PARTIAL/DRIVER-CONTROLLED
Passage B.4: AS IN PARTIAL/DRIVER-CONTROLLED
Passage B.5: ASIN PARTIAL/DRIVER-CONTROLLED
Passage B.6: AS IN PARTIAL/DRIVER-CONTROLLED
Passage B.7: AS IN MANUAL

Passage B.8: AS IN PARTIAL/DRIVER-CONTROLLED
Passage B.9: AS IN PARTIAL/DRIVER-CONTROLLED
Passage B.10: AS IN PARTIAL/DRIVER-CONTROLLED
Passage B.11: AS IN PARTIAL/DRIVER-CONTROLLED
Passage B.12: AS IN PARTIAL/DRIVER-CONTROLLED

Passage B.13: AS IN PARTIAL/DRIVER-CONTROLLED
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[C. Comfort Level]
[*Note—The narrative for this section of the multiple experiment is omitted because it is not rel-

evant to the current experiment.]

[D. Reduced Capability]

[*Note—The first part of the narrative for the reduced capability section of the multiple experi-
ment is included here—it describes how the driver was instructed to regain control of the vehicle
in trial #6.]

Passage D.1: AS IN MANUAL

Passage D.2: AS IN AUTOMATED

Passage D.3: AS IN AUTCT1TATED

Passage D.4: AS IN AUTOMATED

[Passages D.5 and D.6 are omitted here because they are not relevant to the current experiment.]

Passage D.7: AS IN AUTOMATED
[*Note—The remainder of the narrative for the reduced capability section of the multiple experi-

ment is omitted because it is not relevant to the current experiment.]
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APPENDIX 3: QUESTIONNAIRE FOR THE MULTIPLE EXPERIMENT

The following series of questions deals with the driving simulator, the study that you just took
part in, and the Automated Highway System. Each question is followed by a line. Please answer

each question by marking this line in the appropriate place.

For example: If you were asked, “How would you rate the importance of air bags in driver

safety?” you might answer as shown below:

Your answer \

Completely Absolutely

unnecessary necessary

1. How much did you enjoy driving the simulator?

|
Not at all A great deal

2. How did driving in the simulator compare to driving in your car?

Very different Very similar

3. How realistic was the view out of the windshield in the simulator?

Very artificial , Very realistic
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4. How realistic were the sounds in the simulator?

Very artificial Very realistic

5. How realistic was the vehicle motion in the simulator?

Very artificial Very realistic

6. While driving the simulator, did y~u feel queasy or unwell?

Felt unwell Felt fine

7. Was the message giving you the command to enter the automated lane easy to understand?

Hard to Easy to
understand understand

8. Did you have enough time to react to the message telling you to enter the automated lane?

Insufficient time Sufficient time
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9. To what extent did you feel in control of the situation when you drove into the automated

10.

11.

12.

13.

lane and transferred control of your vehicle to the Automated Highway System?

Not in control Very much in control

Did you control your car poorly or well as you left the manual lane and entered the auto-

mated lane?

Very poorly (controlled) Very well (controlled)

When you entered the automated lane, the distance between strings of automated vehicles

varied. Would you prefer a longer or shorter gap than the ones you experienced?

[

Strongly preferred Strongly preferred
longer distance shorter distance

When your car was under automated control, were you comfortable with the speed, or

would you have preferred to have traveled faster or slower?

I
Would prefer Would prefer

much slower much faster

Did you feel that pulling and pushing on the lever with your right hand accurately reflected

how comfortable you felt about the car in front of you?

' L
Did not reflect my Accurately reflected
comfort level ‘my comfort level
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14.

15.

16.

17.

18.

To what extent did you feel in control of the situation when you received the Reduced Ca-

pability advisory?

Not at all To a great extent

How successful do you think you were at filling in during the lost capability section?

Very unsuccessful Very successful

How easy was it to fill in for the system during the lost capability section?

Not easy to fill in Easy to fill in

When you received the Resumption of Control message, did the transition back to auto-

mated control go smoothly?

Not at all To a great extent

How safe did the speed at which you left the automated lane and entered the manual lane
feel?

Very unsafe Very safe
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19. How safe did you feel when you drove into the automated lane?

Very unsafe Very safe

20. In this study, you spent some time in the manual lanes and some in the automated lane:

which did you prefer?
|
Strongly preferred Strongly preferred
manual lanes automated lane

21. Was it more challenging to be in the automated lane or the manual lanes?

More challenging in More challenging in
manual lanes automated lane

22 (a). During the portion of the drive where your speed was automatically controlled, but you

had control of the steering, how did this feel?

Very uncomfortable Very comfortable

22 (b). During the portion of the drive where your steering was automatically controlled, but

you had control of your speed, how did this feel?

Very uncomfortable Very comfortable
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22 (c). During the portion of the drive where your steering and speed were automatically con-
trolled, how did this feel?

Very uncomfortable Very comfortable

23. How would you feel if an Automated Highway System was installed on I-380 between
Iowa City and Waterloo?

Very unenthusiastic Very enthusiastic

24. If an Automated Highway System was installed on 1-380, would you prefer driving in the

automated lanes or the manual lanes?

Strongly prefer Strongly prefer

manual lanes automated lanes

25. If an Automated Highway System was instaiicd, would you feel safer driving on I-3%0 than

you do now without the System?

Much safer with Much safer with

current freeways Automated Highway System

26. How will the installation of an Automated Highway System affect the stress of driving?

|
Will greatly Will greatly

decrease stress increase stress
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27. Do you have any comments on the Automated Highway System?

28. What type of vehicle do you usually drive?

Type Make Year

Car

Van

Truck

Motercycle

Other

29. Does your vehicle have cruise control?

(a) Yes (If you marked yes, please answer Question #30)

(b) No (If you marked no, please go to Question #31)
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30. How often do you use the cruise control on your vehicle?

Hardly ever

31. Have you had any accidents involving moving vehicles?

(a) Yes (b) No

Thank you for participating in this study!
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APPENDIX 4: ANOVA SUMMARY TABLES

Appendix 4 contains the full summary tables for the eight ANOVA'’s conducted on the lane
keeping and velocity maintenance performance measures. They are presented on the following

pages in the same order in which they were discussed in section 3 of the main report.

Table 8. Summary of the ANOVA conducted to determine whether ap, the initial lane position,
was affected by traveling under automated control, the age of the driver, the method of transfer-
ring control, or the designated AHS velocity.!

Degrees of ~ Sum of Mean

Source Freedom Squares Square F p
Age (A) 1 0.06318340 0.06318340 2.81 0.1015
Transfer Method (M) 1 0.05383300 0.05383300 243 0.1264

Designated AHS
Velocity (V) 2 0.24586349 0.12293174 1.76 0.1846
AxM 1 0.03289455 0.03289455 3.36 0.0739
AxV 2 0.04837648 0.02418824 0.26 0.7736
MxV 2 0.15033456 0.07516728 1.85 0.1708
AxMxV 2 0.53808826 0.26904413 3.09 0.0564
Subjects (within
AxMxV)
[S (W/AxMx V)] 41 0.49830900 0.24915450
Trial (T) 2 2.62536914 1.31268457 41.68 0.0001
AxT 2 0.31952434 0.15976217 5.07 0.0086
MxT 2 0.14462431 0.07231216 2.30 0.1076
VxT 4 0.08819618 0.02204905 0.70 0.5943
AxMxT 2 0.04033175 0.02016587 0.64 0.5300
AxVxT 4 0.08819618 0.02204905 0.35 0.8418
MxVxT 4 0.05105199 0.01276300 0.41 0.8043
AxMxVxT 4 0.03289051 0.00822263 0.26 0.9020
SxT(wWAxMxV) 76 2.39384903 0.03149801

1 Note: In addition to the data from seven drivers that were unavailable for the reasons described in the report, two

outliers were removed from this data set using the procedure described in appendix 5.
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Table 9. Summary of the ANOVA conducted to determine whether bp, the steering drift, was af-
fected by traveling under automated control, the age of the driver, the method of transferring
control, or the designated AHS velocity.1

Degrees of ~ Sum of Mean

Source Freedom Squares Square F P
Age (A) 1 0.00000002 0.00000002 0.41 0.5258
Transfer Method (M) 1 0.00000007 0.00000007 1.26 0.2690

Designated AHS
Velocity (V) 2 0.00000006 0.00000003 0.57 0.5673
AxM 1 0.00000006 0.00000006 1.01 0.3198
AxV 2 0.00000002 0.00000001 0.16 0.8524
MxV 2 0.00000002 0.00000001 0.17 0.8401
AxMxV 2 0.00000005 0.00000002 0.43 0.6534
Subjects (within
AxMxV)
[S (w/AxMx V)] 41 0.00000232 0.00000006
Trial (T) 2 0.00000154 0.00000077  12.87  0.0001
AxT 2 0.00000006 0.00000003 0.50 0.6108
MxT 2 0.00000027 0.00000013 2.25 0.1126
VxT 4 0.00000016 0.00000004 0.65 0.6284
AxMxT 2 0.00000006 0.00000003 0.52 0.5959
AxVxT 4 0.00000009 0.00000002 0.14 0.9660
MxVxT
AxMxVxT 4 0.00000016 0.00000005 0.87 0.4587
SxT(wWAxMxV) 69 0.00000412 0.00000006

1 Note: In addition to the data from 7 drivers that were unavailable for the reasons described in the report, 10 out-
liers were removed from this data set using the procedure described in appendix 5.
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Table 10. Summary of the ANOVA conducted to determine whether Ip, the steering instability,
was affected by traveling under automated control, the age of the driver, the method of transfer-
ring control, or the designated AHS velocity.!

Degrees of Sum of Mean

. Source Freedom Squares Square F p

Age (A) 1 0.00762613 0.00762613 0.94 0.3384

Transfer Method (M) 1 0.00000159 0.00000159 0.00 0.9889
Designated AHS

Velocity (V) 2 0.02850768 0.01425384 1.75 0.1860

AxM 1 0.04775805 0.04775805 5.88 0.0199

AxV 2 0.00022677 0.00011338 0.01 0.9861

MxV 2 0.01539293 0.00769647 0.95 0.3963

AxMxV 2 0.00203665 0.00101832 0.13 0.8825
Subjects (within
AxGxM V)

[S(wAxGx MxV)] 40 0.32171748 0.00804294

Trial (T) 2 0.10554321 0.05277160  19.05 0.0001

AxT 2 0.01088778 0.00544389 1.97 0.1475

MxT 2 0.00371488 0.00185744 0.67 0.5145

VxT 4 0.02292130 0.00573033 2.07 0.0936

AxMxT 2 0.01936044 0.00968022 3.49 0.0355

AxVxT 4 0.01067827 0.00266957 0.96 0.4327

MxVxT 4 0.00627893 0.00156973 0.57 0.6876

AxMxVxT 4 0.00385357 0.00096339 0.35 0.8447

SxT(wWAxMxV) 73 0.20220570 0.00276994

1 Note: In addition to the data from seven drivers that were unavailable for the reasons described in the report, six

outliers were removed from this data set using the procedure described in appendix 5.
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Table 11. Summary of the ANOVA conducted to determine whether the number of steering os-
cillations was affected by traveling under automated control, the age of the driver, the method of

transferring control, or the designated AHS velocity.!

Degrees of ~ Sum of Mean

Source Freedom Squares Square F p
Age (A) 1 249.401964 249.401964 9.98 0.0030
Transfer Method (M) 1 5.272140 5.272140 0.21 0.6485

Designated AHS
Velocity (V) 2 23.263503  11.631751 0.47 0.6312
AxM 1 32.679944  32.679944 1.31 0.2596
AxV 2 53.522301 26.761151 1.07 0.3523
MxV 2 5.514251 2.757126 0.11 0.8958
AxMxV 2 40.325696  20.162848 0.81 0.4534
Subjects (within
AxMxV)
[S (W/AxMx V)] 40 999.610202  24.990255
Trial (T) 2 343.439628 171.719814  17.70 0.0001
AxT 2 111.769244  55.884622 5.76 0.0048
MxT 2 0.886507 0.443253 0.05 0.9554
VxT 4 26.016084 6.504021 0.67 0.6146
AxMxT 2 29.623964  14.811982 1.53 0.2242
AxVxT 4 101.209955  25.302489 2.61 0.0426
MxVxT 4 73.485707  18.371427 1.89 0.1208
AxMxVxT 4 12.316475 3.079119 0.32 0.8654
SxT(WAxMxV) 72 698.448831 9.700678

1 Note: In addition to the data from seven drivers that were unavailable for the reasons described in the report,
seven outliers were removed from this data set using the procedure described in appendix 5.
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Table 12. Summary of the ANOVA conducted to determine whether ay, the initial velocity, was
affected by traveling under automated control, the age of the driver, the method of transferring
control, or the designated AHS velocity. 1

Degrees of ~ Sum of Mean

Source Freedom Squares Square F p
Age (A) 1 29.977460  29.977460 8.19 0.0066
Transfer Method (M) 1 3.717998 3.717998 1.02 0.3193

Designated AHS
Velocity (V) 2 3.503981 1.751990 0.48 0.6229
AxM 1 27.988386  27.988386 7.65 0.0085
AxV 2 7.798215 3.899108 1.07 0.3538
2 10.260833 5.130416 1.40 0.2576
MxV
AxMxV 2 1.300680 0.650340 0.18 0.8378
Subjects (within
AxMxV)
[S (WA xMx V)] 41 149.998728 3.658506
Trial (T) 2 12.811391 1.405695 0.49 0.6118
AxT 2 1.299710 0.649855 0.23 0.7961
MxT 2 7.286097 3.643048 1.28 0.2836
VxT 4 2.333550 0.583387 0.21 0.9347
AxMxT 2 0.837667 0.418834 0.15 0.8632
AxVxT 4 8.695089 2.173773 0.76 0.5514
MxVxT 4 0.459002 0.114750 0.04 0.9968
AxMxVxT 4 3.755674 0.938918 0.33 0.8567
SxT(WwWAxMxV) 74 210.275968 2.841567

1 Note: In addition to the data from seven drivers that were unavailable for the reasons described in the report,
four outliers were removed from this data set using the procedure described in appendix 5.
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Table 13. Summary of the ANOVA conducted to determine whether by, the velocity drift, was
affected by traveling under automated control, the age of the driver, the method of transferring

control, or the designated AHS velocity.!

Degrees of ~ Sum of Mean
Source Freedom Squares Square F p
_—w——_——_——————
Age (A) 1 0.00000961 0.00000961 291 0.0955
Transfer Method (M) 1 0.00000261 0.00000261 0.79 0.3793
Designated AHS
Velocity (V) 2 0.00000280 0.00000140 0.42 0.6568
AxM 1 0.00000564 0.00000564 1.71 0.1986
AxV v 2 0.00000024 0.00000012 0.04 0.9640
MxV 2 0.00001512 0.00000756 2.29 0.1140
AxMxV 2 0.00000178 0.00000089 0.27 0.7652
Subjects (within
AxMxV)
[S (WA xMx V)] 41 0.00013534 0.00000330
Trial (T) 2 0.00004182 0.00002091 5.93 0.0042
AxT 2 0.00000067 0.00000034 0.10 0.9092
MxT 2 0.00000887 0.00000443 1.26 0.2907
VxT 4 0.00000579 0.00000145 0.41 0.8007
AxMxT 2 0.00000186 0.00000093 0.26 0.7693
AXVXT 4 0.00000134 0.00000034 0.10 0.9836
4 0.00000544 0.00000136 0.39 0.8180
MxVxT
AxMxVxT 3 0.00001596 0.00000399 1.13 0.3486
SxT(wWAxMxV) 71 0.00025041 0.00000353

1 Note: In addition to the data from seven drivers that were unavailable for the reasons described in the repc.
seven outliers were removed from this data set using the procedure described in appendix 5.
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Table 14. Summary of the ANOVA conducted to determine whether Iy, the velocity instability,
was affected by traveling under automated control, the age of the driver, the method of trans-

ferring control, or the designated AHS velocity.!

Degrees of Sum of Mean
Source Freedom Squares Square F P
Age (A) 1 0.0395190 0.03951899 0.11 0.7468
Transfer Method (M) 1 0.1431982 0.14319820 0.38 0.5395
Designated AHS
Velocity (V) 2 0.1542988 0.07714942 0.21 0.8145
AxM 1 0.1747941 0.17479406 0.47 0.4981
AxV 2 2.0838419 1.04192096 2.79 0.0734
MxV 2 0.0656644 0.03283219 0.09 0.9161
AxMxV 2 0.1640241 0.08201204 0.22 0.8040
Subjects (within
AxMx™)
[S (WA xMx V)] 41 15.3346887 0.37401680
Trial (T) -2 1.1701352  0.58506761 4.56 0.0135
AxT 2 0.0459359  0.02296797 0.18 0.8364
MxT 2 0.6365784 0.31828919 2.48 0.0903
VxT 4 0.8326628 0.20816570 1.62 0.1771
Ax MxT 2 0.5204914 0.26024570 2.03 0.1385
AxVxT 4 0.3086574 0.07716434 0.60 0.6626
MxVxT 4 0.5638735 0.14096838 1.10 0.3632
AxMxVxT 4 1.4002384  0.35005959 2.73 0.0352
SxT WA xMxV) 76 9.7464333  0.12824250

1 Note: In addition to the data from seven drivers that were unavailable for the reasons described in the report,
three outliers were removed from this data set using the procedure described in appendix 5.
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Table 15. Summary of the ANOVA conducted to determine whether the number of velocity
fluctuations was affected by traveling under automated control, the age of the driver, the

method of transferring control, or the designated AHS velocity. !

Degrees of Sum ot Mean

Source Freedom Squares Square F p
Age (A) 1 1.432210 1.432210 0.46 0.5024
Transfer Method (M) 1 0.128707 0.128707 0.04 0.8403

Designated AHS
Velocity (V) 2 24.926203 12.463102 3.98 0.0262
AxM 1 17.977164  17.977164 5.75 0.0212
AxV 2 44.080261  22.040130 7.05 0.0023
MxV 2 8.838316 4.419158 1.41 0.2551
AxMxV 2 8.316367 4.158183 1.33 0.2758
Subjects (within
AxMxYV)
[S (W/AxMx V)] 41 136.226252 3.322592
Trial (T) 2 85.778715  42.889357 12.95 0.0001
AxT 2 5.101544 2.550772 0.77 0.4667
MxT 2 4.826166 2.413083 0.73 0.4861
VxT 4 11.729522 2.932380 0.89 04771
AxMxT 2 13.834348 6.917174 2.09 0.1313
AxVxT 4 4.631179 1.157795 0.35 0.8435
MxVxT 4 10.575711 2.643928 0.80 0.5302
AxMxVxT 4 33.449357 8.362339 2.53 0.0481
SxT(wAxMxV) 72 238.442105 3.311696

1 Note: In addition to the data from seven drivers that were unavailable for the reasons described in the report, six

outliers were removed from this data set using the procedure described in appendix 5.
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APPENDIX 5: PRELIMINARY DATA ANALYSIS AND PROCEDURE FOR DEALING
WITH NONPARAMETRIC DISTRIBUTIONS

As with the previous experiments in this series, a preliminary analysis of the data distributions
was conducted before carrying out the significance testing. For the preliminary testing, which
involved univariate analyses of the moments of the distributions, the data were divided into eight
sets of six distributions. There was one set of distributions for each of the eight driving perfor-
mance measures—three of the six distributions within each set were obtained from the older
drivers when they drove in the two pre-AHS and one post-AHS expressway segments, while the
remaining three distributions within each set were obtained from the younger drivers when they
drove in the same three expressway segments. After the univariate analyses were carried out, a
comparison of the six distributions within each of the eight sets of data showed that within each
set, two or more of the distributions did not meet the requirements for parametric statistical test-
ing. Some distributions were asymmetrical—being either positively skewed or negatively
skewed—so that both the mean and variance were distorted, while other distributions were lep-
tokurtic—so that the variance was distorted. Given these distortions, the analyst can proceed in
one of three ways: the data may be trimmed, the data may be transformed, or nonparametric sta-

tistical tests can be employed.

First, nonparametric testing was considered. In analyzing the data obtained in the current experi-
ment, it was preferable to use parametric statistical tests—rather than nonparametric tests—if
possible. The reason for this was that in order to determine whether the designated AHS velocity
10 the automated lane or the method of transferring control from the AHS to the driver had an ef-
fect on the driver's post-AHS driving performance, it was desirable to examine the higher order
interaction terms that are obtained when a four-way analysis of variance (ANOVA) is conducted.

In addition, parametric tests are inherently more powerful than nonparametric tests.

Next, data transformation was considered. As already mentioned, when each set of six distribu-
tions was examined, more than one distribution type was found within the set. Because of this, it
was not possible to find a single transformation that could be used on all six distributions in a set.
For example, the set of distributions obtained for the steering drift (bp) contained both a posi-
tively skewed distribution (for the older drivers when they drove in the center lane in trial #1)
and a negatively skewed distribution (for the older drivers when they drove in the right lane in
trial #1). The appropriate transform for a positively skewed distribution is the logarithmic trans-
form—it reduces the skew and stabilizes the variance of that distribution. If this transform were
to be applied to the set of steering drift distributions, it would deal with the positively skewed
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distribution in an appropriate way—however, when it was applied to the negatively skewed dis-
tribution, it would increase its skew and destabilize its variance. Because it was preferable to use

parametric tests, and not possible to use transformations, the third approach, data trimming, was

used for the current experiment.

The univariate analyses showed that the distributions of the lane-keeping and velocity mainte-
nance measures contained a number of outliers, i.e., data points that lie outside the main region
of a data distribution. Outliers inflate the standard deviation (and variance) and tend to distort
the mean of a distribution. In the 1970’s, Tukey developed formal procedures for dealing with
outliers—these procedures are used to determine whether outlying data points are extreme
enough to be identified as outliers.(17) The description provided below was taken from a more

recent formulation of these procedures.(18)

The first step in determining whether the extreme data points obtained in ti.c current experiment
should be considered as outliers was to consider the data distributions of all eight driving per-
formance measures for both the older and younger drivers. Next, the fourth-spread—the range
of the data defined by the upper and lower fourth of the data—was determined for each of the re-
sultant 16 distributions. [Note: The fourth-spread is closely related to the interquartile range,
although technical differences between quartiles and fourths distinguish the two concepts.(18)]

To give precision and technical meaning to the term outlier, Tukey recommended that the outlier
cutoffs should be defined as F L—gd F and F U+§d P where F L and F U denote the lower and
2 2

upper fourths, respectively, and d ;. is F,—F , the fourth-spread. Data values that are smaller
than F L’"3'd p or larger than F+ —3—d 7 are outliers. If this procedure were to be used on a
2 2

sample randomly drawn from a normal population, outliers would occur 7 times in a sample of
1000.(19) The discovery of more outliers than this in a sample is evidence that the underlying
distribution from which the sample was drawn is not normal. Certainly, no outliers are expected
from samples of 30 observations—the size used in this experiment—if they are drawn from a

normal distribution.
The outlier cutoffs were calculated as described above for each distribution, and the outliers were

identified and removed from the data sets. Table 16 shows the number of outliers removed from

each distribution. The remaining data were analyzed as described in section 3 of the report.
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Table 16. Number of outliers for each distribution.

Trial #1—center Trial #6—center
Trial #1—right lane lane lane
Younger Older | Younger Older | Younger  Older
Variable | drivers  drivers | drivers drivers | drivers  drivers Total
ap 1726 0/27 0/26 0727 1/26 0727 2/159
bp 2/26 1727 1/26 2/27 2/26 2/27 10/159
Ip 2/26 2/27 1/26 0/27 1726 0/27 6/159
oscilla- 2/26 0/27 2/26 0/27 1726 2/27 7/159
tions
ay 0/26 1/27 1726 1/27 1726 0/27 4/159
by 1/26 0/27 1/26 1727 4/26 0/27 7/:29
Iy 0/26 0/27 0/26 1/27 0/26 2/27 3/159
fluctua- 1/26 0/27 2/26 1/27 1726 1/27 6/159
tions
Total 9/208 4/216 8/208 6/216 11/208 7/216 | 45/1272
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